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DECIARATIQN OF Harold W. Kroto UNDER 37 C.F.R* SI. 132 



Sir: 



I, Harold W* Kroto, Ph« D*/ declare and say as follows: 



1. I am the Royal Society Research Professor in the School of 
Chemistry and Molecular Sciences at the University of Sussex, 
Brighton, United Kingdom • I have attached for the convenience of 
the United States Patent Office a copy of my curriculum vitae as 
Exhibit 1, which describes my credentials and demonstrates my 
expertise in the area of fullerenes, 



2* I have 



the above- identified application ^ the 



Preliminary Amendment therein and the following reference 
dociiments, which I understand to be cited in support of a 

rejection of the present application. 

1. an article by K.s. Day, et al. , Nature Physical 
Science 1973 , 243, 50-51. 



2. an article by Xijima, et al,, in J * Phy s , Chem 
1987 , 91, 346S-3467. ("lijima et al" . ) , 



3. Translation of Russian Patent No* 1,587,000* 

4» U*S. Patent No» 2^957,756 to R. Bacon* 

5. an article by Kappler, et al»/ in J, App^ 'Sfhy rB^ , 



1979 , 50, 308-316 
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3* The application teaches in clear detail to the skilled 
artisan the preparation of fullerenes^ including C^o^ it^ 
quantities that were never recognizably achieved before the 
discovery by Huffman and Kratschmer described in the application. 
Specifically, the application describes methods for the 
production of Ceo iii macroscopic amounts^ i.e,, amoxints 

that could be seen with the naked eye {inherently at least 10^^ 
molecules of product) • That discovery for the first time 
permitted the researchers to confirm the existence and structure 
of these materials, including subjecting them to general testing 
of their detailed properties and characteristics, wTaich had 
theretofore only been projected based upon educated speculation 
and calculation, grounded upon circumstantial evidence of their 
existence « 

A. I am intimately familiar with the literature concerning and 
was personally involved in the search for C^o and the greater 
fullerene family: for convenience/ one may refer particularly to 
our review of the literature through 1990 described in an article 
entitled "Ceo Buckminsterf ullerene , in Chem. Rev. 1991 , 1231-1235 
attached hereto as Exhibit 2 and for my personal involvement in 
the research effort in my article entitled " C^^; Buckminster- 
fullerene, the Celestial Sphere that Fell to Earth" in Angewandte 
Chemie I.E>E. 1992, 31, 111-129, attached as Exhibit 3. 



5. I believe it is fair to say that I am among the recognized 
experts in the subject of fullerenes, and that I was quite 
cognizant of the state of the art in 1990, and of the early 
attempted preparation and identification of fullerenes, 
especially Ce© and C-y©* 
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6- I am familiar with the work of Huffman and Kratsctimer on this 
subject having closely followed their research as described in 
the Anqewandte Chemie article referred to above and attached as 
Exhibit 3* 

7. I am also familiar with the methods described in the above- 
identified patent application of Huffman and Kratschraer and 
utilize their principles regularly in producing quantities of C^o 
for research purposes in our laboratories ^ 

8- In my professional opinion the methods for producing the 
fullerenes, including C^o^ are described in the application in 
such manner as to enable one skilled in the art to make and use 

the 3ame. 

9* In my professional opinion, the reference documents listed in 

■ 

paragraph 2 hereinabove, taken individually or collectively/ do 
not teach nor do they claim to teach methods for the production 
of fullerenes, including C^o; nor is there provided evidence of 
the production of any such product • Specif ically^ it cannot be 
stated that there is any reliable scientific evidence of the 
formation of C^o or C70 in any of the references, and no 
assertion is made that quantities of C^o or C^o were made* In 
fact, any such assertion would be entirely speculative and 
unsupported; to my knowledge, no researcher had proven possession 
of Cfio or C70 prior to Huffman and Kratschmer* 

While lijima et al alleges that they saw a molecule of 
Cfio in the middle of a carbon particle this conclusion is 
similarly entirely speculative and unsupported by the evidence* 
Furthermore, lijima et al did not report in that article a 
methodolgy capable of producing and isolating fullerenes in 
macroscopic amounts « 



Fax from : 516 742 4343 588 e8/e6/'95 21:12 Pg: 7 

i 

10. The realization by Huffraan and Kratscluner of macroscopic 
quantities of fullerene and the isolation and characterization of 
Cso and c^o by the methods described in the above-identified 
application is recognized by the knowledgeable scientific 
community as a long awaited and much needed breakthrough; it was 
surprising that relatively high yields of fullerene such as Ceo 
could be achieved by these methods, as it was expected that no 
more than < 1/10000 parts of target molecules would exist in the 
soot product and that it would require very sophisticated 
e<iuipment to isolate quantities of material required to establish 
and confirm the existence of the products* The difficulties that 
existed in the quest for Cso a-^re well elaborated in the article 
entitled "E^illerenes" by Robert F. Curl and Richard E* Smalley, 
printed in Scientific Tuner ican ^ Oct, 1991^ pp- 54-62 attached 
hereto as Exhibit 4* 

11. Although the discovery described in the Huffman and 
Kratschmer application may seem, simplistic to the uninformed, 
especially in hindsight, their discovery was quite remarkable. 
This is readily appreciated if one considers the historical 
perspective* Ever since the detection of Ceo by the 
collaborative efforts of the Smalley and Kroto groups in 1985, as 
described in the article in Nature , 1985 , 318, 162^-153, attached 
hereto as Exhibit 5, experts, such as Drs* Smalley and myself, 
both together and separately worked to prepare fullerenes on a 
larger scale. For five long years, many attempts were tried, but 
each were imsuccessful. Finally, to my knowledge, one group, 
Huffman and Kratschmer, were the first to find a methodology 
capable of producing and isolating fullerenes, such as C^o/ in 
macroscopic amounts • This methodology is described in their 
application and satisfied a long felt need in this area. 
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12 ♦ Furthermore/ one should not underestimate the significance 
of their discovery. For the first time^ scientists were able to 
produce and work with samples of fullerenes. They were able to 
confirm the theoretical predictions about fullerenes and continue 
to explore new properties of same. Their discovery spawned 
enormous scientific interest. As a consequence, innumerable 
investigations and studies relating to fullerenes were conducted, 
generating more than four thousand publications on the subject* 
In short, I cannot emphasize enough that their discovery 
revolutionized the area of fullerenes, 

13 ♦ I have been requested as well to exaittine the claims 
presented by applicants Huffman and Kratschmer* I am not 
qualified in the law as to the interpretation of claims; but as a 
scientist knowledgeable in this art, I find the qualifying terms 
to be aptly descriptive of the methods described and the products 
produced in the above- identified application, consistently with 
scientific usage at the time the application was filed. 

14, I further assert that the term "macroscopic" aptly and 
correctly characterizes the breakthrough made by Huffman and 
Kratschmer in permitting isolation and characterization of the 
fullerenes C^o and c^o^ in that the term expressly denotes that 
which can be seen {and therefore tested); that usage is 
consistently employed in my papers and reviews on the subject 
entirely independently of Huffman and Kratschmer* 

15, In my professional judgement, the above-identified 
application adequately teaches to the skilled artisan how to make 
macroscopic amounts of the fullerenes including Ceo and Cv©; 
furthermore, there is ample evidence in the application that 
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Huffman and Kratschmer had in their possession macroscopic 
amounts of these products ♦ 



16. I have been among those who sought cux appropriate name for 
this family of often co-produced structurally related material 
and based upon structure and the historical connection with the 
geodesic dome structures of Buckminster Fuller, I introduced the 
name of fullerenes for these molecules in 1987 which was later 
accepted by the scientific community fullerene by about 1990, and 
this has beccane the accepted formal name for these materials, 
e.g., 160] fullerene and [70] fullerene. I refer in particular 
to the definition I prepared for McGraw-Hill appearing in McGraw 
Hill Concise Encyclopedia of Science & Technology , 3rd ed, p. 819 
(1994) . 



17. In summary, I am pleased to lend support to the applications 
of Huffman and Kratschmer for patent protection; as a researcher 
in the quest for C^o I can keenly appreciate the significance of 
the defining events reflected in the present application; I can, 
from my own experience, state with confidence that despite our 
circumstantial evidence of the existence of these molecules, the 
inevitable speculation and calculations of properties, and our 
own convictions, given our knowledge at the time, it was by no 
means predictable nor obvious to one skilled in the art that 
fullerenes, such as Ce© or Qrror would be recovered in macroscopic 
quantities by the methods described by Huffman and Kratschmer in 
the above-identified application, nor to the best of ray 
knowledge, had such results been claimed* 



13. X further declare that all statements made herein of my own 
knowledge are true and that all statements made on information 
and belief are believed to be true; and further that these 
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W 4 



Statements and the like so make are punishable by fine or 
imprisonment or both xmder section 1001, Title 18 of united 
States Code and that such willful false statements may jeopardize 
the validity of the application or any patent issuing thereon. 



Dated: . ^ l^^ 





arold W. Kroto, Ph. D, 



CURRICULUM VITAE 



Harold Kroto FRS 

Royal Society Research Professor 

The School of Chemistry and Molecular Sciences, 
The University of Sussex, Brighton, BN1 9QJ, UK 

Tel 44 273 678329 direct line 

44 273 606755 University main 
Fax 44 273 677196 School Fax 
elm kroto@sussex.ac.uk 



Born 7th Oct 1939 Wisbech, Cambridgeshire, England. 
Education 



1947-58 Bolton School, Bolton, Lancashire. 

1958-61 BSc, University of Sheffield, 1st class honours degree (Chemistry) 

1 961-64 PhD, University of Sheffield Electronic Spectroscopy of Unstable Molecules 

Supervisor: R N Dixon FRS (now Professor, Bristol) 

1964- 65 Postdoctoral Fellow, National Research Council (Ottawa) with D A Ramsay 

FRS 

1965- 66 Postdoctoral Fellow, National Research Council (Ottawa) with C C Costain 

1966- 67 Member of Technical Staff, Bell Telephone Laboratories, Murray Hill, N.J. 

(with Y H Pao, now at Case Western Reserve and D P Santry now at McMaster U) 

University Career (University of Sussex 1967- ) 

1967- 68 Tutorial Fellow. 

1968- 78 Lecturer 
1978-85 Reader 
1985-91 Professor 

1991- Royal Society Research Professor. 

Extra-university administration 

SRC Millimetre Wave Telescope Sub-Committee 1977-81 

SERC Millimetre Wave Telescope Users 'Committee 1981-85 

SERC Physical Chemistry Subcommittee 1987-90 

SERC Synchrotron Radiation Facility Committee 1987-90 

SERC Chemistry Committee 1988-91 

lAU Sub-group on Astrophysical Chemistry 1987- 

MBI Advisory Board of the Max Born Institute (Berlin) 1993- 



Meeting (director, organiser or co-orgnaisor) 

Brioni International Conferences 1988, 1990, 1993, ... 
Royal Society Discussion Meeting 1992 
Fullerene Symposium 1993 (Santa Barbara) 
Cursos de Verano (El Escorial) Fullerenos 1994 



Editorial Boards 

Chemical Society Reviews 1986- (Chairman 1990-) 
Zeitschrift fur Physik D (Atoms Molecules and Clusters) 1992- 
Carbon (1992-) 

A Chem. Soc. Chem. Comm. (1993-) 



Research Details 

University of Sheffield 



1 961-64 PhD in Free radical spectroscopy by flash photolysis 

National Research Council 

1964- 65 Free radical spectroscopy by flash photolysis 

1 965- 66 Microwave Spectroscopy 

Bell Telephone Laboratories 

1966- 67 Raman Spectroscopy of Liquids, Quantum Chemistry 
University of Sussex 

1967- 72 Free radical spectroscopy/flash photolysis 
1967-73 Liquid phase interactions/Raman Spectroscopy 
1970- Unstable species/Microwave Spectroscopy 
1972-90 Unstable species/Photoelectron Spectroscopy 
1976- Interstellar Molecules/Radioastronomy 

1 983-90 Unstable species/Fourier Transform IR Spectroscopy 

1 985- Cluster Studies/Carbon, Metals 

1990- Fullerene Chemistry, Carbon nanostructures 

Temporary Appointments (Visiting Professorships etc) 

1974 Visiting Associate Professor, UBC Vancouver (3 months) 

1 976 Visiting Scientist, NRC Ottawa (3 wks) 

1 978 Visiting Scientist, NRC Ottawa (3 wks) 

1981 Visiting Professor, USC (3 months). 

1983 British Council Visitor, Inst Rudjer Boskovic (Zagreb) 

1987 CNRS (1 month) Univ Paris Sud (Orsay) 

1 988- Visiting Professor UCLA (Astronomy) 



Extramural Activities 

Sport 

Tennis and Squash for Sheffield University (1959-1964). 
University Athletics Union Finalists - Tennis (1962 and 1963) 
President of Athletics Council, Sheffield University (1963-64) 

Graphic Art, Design, Television Film 

Art Editor Arrows Sheffield University Arts Magazine 1962-64 
Winner of Sunday Times Book Jacket Design Competition 1963 
Editor, design and layout of Chemistry at Sussex 

featured in Modern Publicity 1979 (international annual of Graphic Design) 
Publicity and logos for Chemical Society Meetings 
Logo, letterheads for Science and Engineering at Sussex 





Publicity, logo, letterheads, poster for BA Meeting 1983 
New Scientist BA Advertisement 

Logo and letterhead for Inorganic Biochemistry Discussion Group 
Logo and letterhead 1990 for Venture Research International 

(Formerly BP Venture Research) 
New Cover design and layout for Chemical Society Reviews 

Chairman of Board of VEGA SCIENCE TRUST 

Executive producer of five 1-hour Television Films of Royal Institution Discourses for 
Vega/BBCSelect 

Miscellaneous 

1981-82 Tilden Lecturer (Royal Society of Chemistry) 

1 990 Elected Fellow of the Royal Society 

1991- Royal Society Research Professorship 

1 992 International Prize for New Materials 

(American Physical Society, R F Curl and R E Smalley) 
1992 Italgas Prize for Innovation in Chemistry 

1992 Universite Libre de Bruxelles (DHC) 

1992 University of Stockholm (PhDHC) 

1 992 Longstaff Medal 1 993 (Royal Society of Chemistry) 

1992 Academia Europaea (Member) 

1993 University of Limburg(DHC) 

1994 Hewlett Packard Europhysics Prize 

(with D R Hufifman, W Kratschmer and R E Smalley) 
1994 Moet Hennessy*Louis Vuitton Science pour I' Art Prize 



RESEARCH 

Main research areas: 

I Spectroscopy of Unstable Species and Reaction Intermediates 

(Infrared, Photoelectron, Microwave and Mass Spectrometry) 

II Cluster Science 

(Carbon and Metal Clusters, Microparticles, Nanofibres) 

III Fullerenes 

(Chemistry, Physics and Materials Science) 

IV Astrophysics 

(Interstellar Molecules and Circumstellar Dust) 

Research Highlights: 

a) Synthesis in 1976 of the first phoaphaalkenes (compounds containing the free carbon 
phosphorus double bond) in particular CH2 = PH (with N P C Simmons and J F Nixon, Sussex), 
Refs 1,7. 

b) Synthesis in 1976 of the first analogues of HCP, the phosphaalkynes which contain the 
carbon phoshorus triple bond - in particular CH3CP (with N P C Simmons and J F Nixon, 
Sussex), Refs 2,7. 

c) The discovery (1976-8) of the cyanopolyynes, HCpN (n = 5,7,9), in interstellar space (with D R 
M Walton A J Alexander and C Kirby (Sussex) and T Oka, L W Avery, N W Broten and J M 
MacLeod (NRC Ottawa)), Ref 4-6, based on microwave measurements made at Sussex, Refs 
3,7. 

d) The discovery of C50: Buckminsterfullerene in 1985 (with J R Heath, S C O'Brien, R F Curl 
and R E Smalley), Refs 8,13,15. 

e) The detection of endohedral metallofullerene complexes (with J R Heath, S C O'Brien, Q 
Zhang, Y Liu, R F Curl, F K Tittel and R E Smalley), Ref 9 

f) The prediction that C50 should be produced in combustion processes and might indicate how 
soot is formed (with Q L Zhang, S C O'Brien, J R Heath, Y Liu, R F Curl and R E Smalley) Ref 
10 

g) The explanation of why Cjq is the second stable fullerene (after C50) ai^d the discovery of the 
Pentagon Isolation Rule as a criterion for fullerene stability in general (Refs 11, 13,15) 

h) The prediction of the tetrahedral structure of C28 and the possible stability of "tetravalent" 
derivatives such as C28H4 Refs 11,15. 

i) The prediction that giant fullerenes have quasi-icosahedral shapes and the detailed structure of 
concentric shell graphite microparticles (with K G McKay), Refs 12,13. 

j) The mass spectrometric identification and solvent extraction (with J P Hare and A Abdul-Sada) 
of C50 from arc processed carbon in 1990 - independently from and simultaneously with the 
Heidelberg/Tucson group; Refs 14,15. 

1 

k) The chromatographic separation/purification of C50 and Cjq and -^C NMR measurements 
which provided unequivocal proof that these species had fullerene cage structures (with J P 
Hare and R Taylor, Sussex), Refs 14,15. 



PUBLICATIONS 

180 research papers. One book "Molecular Rotation Spectra" {Wiley 1975) - reprinted with a new 
preface by Dover 1 992. 

Main Publications 

1) M J Hopkinson, H W Kroto, J F Nixon and NFC Simmons, 'The detection of unstable 
molecules by microwave spectroscopy: phospha-alkenes CF2 = PH, CH2 = PCI and CH2 = PH', 
y.CS. Chem. Comm., 513-515 (1976). 

2) M J Hopkinson, H W Kroto, J F Nixon and N P C Simmons, The detection of the reactive 
molecule 1-phosphapropyne, CH3CP, by microwave spectroscopy', Chem. Phys. Letts,, 42, 
460-461 (1976). 

3) A J Alexander, H W Kroto and D R M Walton, 'The microwave spectrum, substitution 
structure and dipole moment of cyanobutadiyne, HC5N', MoL Spectrosc, 62, 175-180 
(1976). 

4) L W Avery, N W Broten, J M MacLeod, T Oka and H W Kroto, 'Detection of the heavy 
interstellar molecule cyanodiacetylene', Astrophys. 205, LI 73-1 75 (1976). 

5) H W Kroto, C Kirby, D R M Walton, L W Avery, N W Broten, J M MacLeod and T Oka, The 
Detection of Cyanohexatriyne, HC7CN, in Heiles' Cloud 2', Astrophysics 219, L133-L137 
(1978). 

6) N W Broten, T Oka, L W Avery, J M MacLeod and H W Kroto, 'The Detection of HC9N in 
Interstellar Space', Astrophys. 223, L105-107 (1978). 

7) H W Kroto, 'Semistable Molecules in the Laboratory and in Space', Royal Society of 
Chemistry Tilden Lecture; Chem. Soc. Revs., 11, 435-491 (1982). 

8) H W Kroto, J R Heath, S C O'Brien, R F Curl and R E Smalley, 'Ceo^ Buckminsterfullerene', 
Nature, 318(No.6042), 162-163,(1985) 

9) J R Heath, S C O'Brien, Q Zhang, Y Liu, R F Curl, H W Kroto, F K Tittel and R E Smalley 
'Lanthanum Complexes of Spheroidal Carbon Shells', A Am. Chem. Soc, 107, 7779-7780 
(1985). 

10) Q L Zhang, S C O'Brien, J R Heath, Y Liu, R F Curl, H W Kroto and R E Smalley. 'Reactivity 
of large carbon clusters Spheroidal Carbon Shells and their possible relevance to the formation 
and morphology of soot', }. Phys. Chem., 90, 525-528 (1986) 

11) H W Kroto, 'The Stability of the Fullerenes Cp (n = 24, 28, 32, 50, 60 and 70)', Nature 329, 
529-531 (1987) 

12) H W Kroto and K McKay, 'The Formation of Quasi-icosahedral Spiral Shell Carbon Particles* 
Nature, 331, 328-331 (1988) 

13) H W Kroto "Space, Stars, Ceo ^^d Soot", Science, 242, 1 1 39-1 1 45 (1 988) 

14) R Taylor, J P Hare, A K Abdul-Sada, and H W Kroto, "Isolation, Separation and 
Characterisation of the Fullerenes C50 and C/q: The Third Form of Carbon." /. Chem. Soc 
Chem. Commun., 1423-1425 (1990) 

15) H W Kroto "C^q: Buckminsterfullerene, the Celestial Sphere that Fell to Earth", Ar)gewandte 
Chem/e 31, 111-129 (1992) 




SYMPOSIUM LECTURES and SEMINARS 
Plenary/Invited Lectures 

1974 Symp on High Resolution Spectroscopy (Columbus, Ohio) 

1 976 Symp on Molecular Structure (Austin, Texas) 

1 978 Faraday Society Spectroscopy Con (Bristol) 

1979 14th Internal Free Radical Conf (Sanda, Japan) 

Symposium Interstellar Molecules (Meudon, France) 

1980 University College Astronomy Symposium (London) 

1 981 Conference on Submillimetre Wave Astronomy (London) 

Advances in Spectroscopy, Faraday Meeting (London). 

1983 British Association BAYS lecture (x2) (Sussex) 

Federation of Astronomical Socs, Herstmonceux 
RAS Disc Meeting on Interstellar Grains (London) 

1984 Symposium on Molecular Structure (Austin, Texas) 

Microwave/I R Spectrosc of Transients (Cambridge) 
EUCHEM Reactive Species in Inorg Chem (Burghausen) 

1985 High Resolution Spectroscopy Conference (York) 

1 986 NATO Workshop PAHs in Space (Les Houches) 

Conference on Molecular Astrophysics (Bruxelles) 
Symp on Planetary Science, Obs. de Paris (Meudon) 
Brioni Conference on Clusters (Brioni,Yugoslavia) 

1987 Roy Soc Discussion on The Solar System (London) 

High Resolution Spectroscopy Symp (Dijon, France) 
Roy Soc of Chemistry Autumn Meeting (Nottingham) 
NASA Workshop on Carbon in Space (Ames CA) 

1 989 Internat Symp on New Aromatic Compounds (Osaka) 

Carbon Conference (Pennsylvania State) 

ACS Conference (Clusters) Miami 

Japan/UK SERC Symposium IMS (Okazaki, Japan) 

Faraday Discussion on Clusters (Warwick) 

6th ISNA Meeting (Osaka) 

Faraday meeting on Clusters (Warwick) 

19th Carbon Conference (Pennsylanvia State Univ) 

1990 German Chem Soc Meeting, Organ Chem (Bad Nauheim) 

Solar System Workshop (Clemsen, North Carolina) 

lOP meeting (Warwick) 

Comet Meeting (Bad Honnef Bonn) 

1991 4th Chemical Congress of North America (Fuel Science NY) 

6th Symposium on Macrocyclic Chemistry (Sheffield) 
20th Biennial Conference on Carbon (Santa Barbara) 

74th Canadian Chemistry Conference (McMaster, Hamilton) 
lOP Annual Meeting, Low Temperature Physics (Birmingham) 
Rank Prize Workshop on Molecular Cages (Lake District) 
British Association meeting BAYS lecture (Plymouth) 
Mackay Symposium (Birkbeck College) 
lAU Congress Astrochemistry (Campos de Jordao, Brazil) 
Swedish Physical Society (Stockholm) 
Fullerene Workshop (RISU, Roskilde, Denmark) 
Condensed Matter Physics 1991 (CMMP 91, Birmingham) 

1992 Workshop on Atoms and Clusters 92 (Atami, Japan) 

Symp. on Atomic and Molecular Structure (Trentino) 
Portuguese Chemisty Society Meeting 1992 (Lisbon) 



1st Italian Fullerene Conference (Bologna, Italy) 
lOP meeting on Fullerenes (Rutherford Lab) 
Universite Libre de Bruxelles Conference (Belgium) 
Pittcon 92 Conference (New Orleans, USA) 
American Physical Society meeting (Indianapolis) 
Leermaker Symposium (Wesleyan U, Conn, USA) 
Infrared Astronomy Confierence (Calgary, Canada) 
Adriatico Conference on Clusters (Trieste, Italy) 
Invited Lecturer Cursos de Verano 92 (El Escorial) 
European Materials Res Soc Meeting (Strasbourg) 
lOP/RSC Joint Symposium on Fullerenes (London) 
Vacuum Ultra Violet Meeting (VUV10, Paris) 
1 1th Canadian Theoretical Chem. Conf. (Montreal) 
12th Conf on Chemical Education (UCDavis, USA) 
23rd European Conf, Mol Spectros (EUCMOS23, Vienna) 
Symposium fur Theoretische Chemie (Blixen, Italy) 
Gordon Conference on Clusters (Irsee, Germany) 
Italgas Chemistry Prize Lecture (Turin) 
University of Helsinki (Spec Lect) (Finland) 
Gordon Combustion Conf (Spec Lect) (Hawaii) 

1993 Italian Fullerene/Superconductivity Meeting - Pisa 

Croatian Chemical Society Symposium - Zagreb 
Fullerene/Superconductivity Meeting - Kirchberg 
ACS Meeting (Fullerenes) - Denver 

Sydney Leach Symposium - Paris 

Theoretical Symposium - Namur 

NATO Fullerene Workshop - Crete 

Centenary Conf of Norwegian Chemical Society - Oslo 

Fullerenes 93 Symposium - Santa Barbara 

lURCAM Conference - Tokyo 

Solid State Devices Conference - Tokyo 

Span/American Inorg Chem Conf - Santiago (Spain) 

Brioni International Conference - Brioni 

Materials Conference - Wroclaw (x2) 

Spanish Materials Conference - Oviedo 

ACOLS Conference - Melbourne (x2) 

London Schools Science Symposium 

1994 Association of Science Education Conference (Birmingham) 

New Organic Materials Conference (Madrid) 

Science Research Institute Inaugural Meeting (Salford) 
Student Chemical Society Centenary Meeting (Sheffield) 
Berzelius Dagarna (Stockholm) 

European Physical Society - Hewlett Packard Prize Lecture (Madrid) 

Sussex University Science Teachers Conference (Sussex) 

World Affairs Conference (Boulder, Colorado) (x2) 

Cluster Workshop (Ameland, Netherlands) (x4) 

3rd Workshop on Advances in Phys Chem (Nanjing, China) 

Cursos de Verano Fullerene Workshop (El Escorial, Spain) 

LVMH Science pour I'art Prize lecture (Paris, France) 

Gordon Conference (Ceramic Materials) New Hampshire (special lecture) 

Materials Research Soc Meeting (Boston) 

Named/Special Lectureships 

1992 Probst Lecture - Southern Illinois Univ (USA) 

1993 Cherwell-Simon Lecture (Oxford) 

Steinhofer Lecture (Kaiserslautern) 



Dreyfus Lecture (UCLA) 

John Coffin Memorial Lecture (University of London) 
30th Anniv Lecturer (Chinese Univ of Hong Kong) 

1994 Brode Lecturer (Whitman College, Washington, USA) 

Winegard Lecturer (Guelph University, Ontario, Canada) 
Kolthoff Lecturer (University of Minnesota, USA) 
Rayleigh Lecturer (Harrow School 

Chemical Inst of Canada Lecturer (Sherbrook University, Quebec, Canada) 
Distinguished lecturer (University of Kentucky, Center for Applied Energy Research) 

1995 Werner Lecturer (Trinity College, Dublin) 

Tizard Lecturer (Westminster, School) 

Research Seminars (Overseas) 

1974 Bell Telephone Labs (NJ), NRC (Ottawa), UBC (Vancouver) 

1976 Paris Sud (Orsay), Harvard, NRC (Ottawa) 

1977 Lille, Brussels, Montreal, Waterloo 

1978 Cal. State (L.A.), Cal Tech. (Pasadena), Arizona (Tucson), USC(Los Angeles), Herzberg 

Institute (NRC, Ottawa), UC Berkeley 

1 979 UBC (Vancouver), Montreal 

1 980 IBM (San Jose), UC Santa Barbara, USC (Los Angeles), Chemical Society Zurich 

1981 UC Berkeley 

1 982 Trinity College (Dublin), NRC (Ottawa) 

1983 Basel, Kiel, Giessen, Inst.Rudger Boskovic (Zagreb) 

1985 ETH (Zurich), Basel, Inst. R. Boskovic (Zagreb), Rice Univ. (Houston), Texas A&M, 

Texas Tech. 

1986 Harvard, Guelph-Waterloo, Aachen (Tech Hochschule), Chicago 

1987 USC (Los Angeles), UCLA (Astron), Berkeley, JPL (Pasadena) 

1988 UCLA(Chem), Stanford, Arizona(Tucson), Arizona State (Tempe), Tech. Hochschul 

(Darmstadt), Max Planck Inst (Martinsried) 

1989 MP! (Munich), UCLA(Chem), Oregon, JPL(Pasadena), Berkeley, NASA (Moffett Field), 

Toronto, Montreal, Guelph. 

1991 California (Los Angeles, UCLA), California (Berkeley), Cal Tech (Pasadena), California 

(Santa Barbara, UCSB), Belo Horizonte (Brazil), Recife (Brazil), Eriangen, Freigburg, 
Heidelberg, Shell (Amsterdam), NIST (Washington) NRC (Ottawa), Arizona(Tucson) 

1992 Pisa (Italy), Michigan (Ann Arbor, USA), Chicago (USA), McGill (Montreal, Canada), 

Chemical Society of Zurich, Laue Langevin Laboratory (Grenoble), Aarhus (Denmark), 
Helsinki (Finland), Niels Bohr Inst(Copenhagen), Stockholm (DHc lecture), Tokyo 
Oapan), Shinshu (Nagano, Japan), Kitagawa Industries (Tokyo Japan), Nobeyama Radio 
Observatory (Japan), NRC (Ottawa, Canada) 

1993 Basel Chemical Society, ULB Bruxelles (DHC lecture), Josef Stefan Institute 

(Ljubljana), Limburg (DHC lectures), UC San Diego, Crete, NEC Japan, Shinshu, 
Shizuoka, Materials Institute (Warsaw), Milan, Berlin Chemical Society 

1994 2xRSC (Belgium section) lectures (Brussels) (1 British School), Swedish Royal 

Academy (Stockholm), Stockholm University (Physics Dept), Herzberg Inst NRC 
Ottawa, Braunschweig, Scherring (Berlin), Humboldt Univ Berlin, Bielefeld, KFA 
Oulich), Peking U x2 (Beijing), Bell Labs NJ, UNAM Mexico City, UCLA (Astronomy) 
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UK Research Seminars (* > 1) 

Sussex (Chemistry, Physics, Astpnomy, BJology ), Cambridge {Cj^emistry arjd 
Astronomy Depts), Southampton , Oxford , Reading , Nottinghanrj , Sheffield^, 
Warwick , QIasgow, Strathjclyde, East Anglia, Coleraine, Man^hest^r , Edinburgh , 
Birmingham , U.C. London (Chemistry and Astronomy), Bristol , ICI , Surrey. 



UK General Lectures for Students and Public (Chemistry/Astronomy) 

^ it: ^ 

Southarrjpton , Reading , Sussex , Exeter^, Bristol , Bath, Surrey, Essex, Imperial 
College , University^ College , Cardiff , Kent, Swansea, U.f. North Wale|, 
Portsmouth, Leicester , Loughborough, Thames, Durham, Leeds , Nottingham , 
Opep University, Cambridge , RSC (Sheffield) RSC (Cumberland), Brighton Astron, 
Soc. , Eastbourne Astron.Soc, ^roydon Astron. Soc, Alembic Club (Oxford), U.C. 
Sussex(Astron, Biology) Q.M.C . Sussex Town and Gown, Mid-Kent Astronomy 
Society, Royal Institution (Friday Evening Discourse), East Midlands RSC. 

1993 Bath, Cambridge, Imperial College, Birmingham, Warwick Royal Society, Nottingham, 

Liverpool, Pfizer Company, 

1994 Leicester, Aston, Royal Institution (Friday Evening Discourse (#2)), Sussex, East Anglia, 

Surrey 

1995 Durham, Liverpool, Queen's (Belfast), Coleraine 



Schools' Lectures 

Christ's Hospital School, Worthing Sixth Form College, Kingston Polytechnic (Schools 
Lecture), RSC Schools L RSC Essex Schools Lecture, Chelsea College, Charterhouse, 
London Schools (Q.M.C), King's School Canterbury, St Dominies 6th form College 
Harrow, Dreyfus Schools' Lectures, 1986 at Royallnstitution, St Paul's School for Girls 
Open Day Lectures (Sussex), Hurstpierpoint College BAYS Lecture(Southampton) 



BROADCAST INTERVIEWS etc 



1976 BBC Radio (Science Now) "Interstellar Chains" 

1 977 BBC Radio World Service "Interstellar Chains" 

1979 BBC TV OU Film based on my lecture "Chemistry between the Stars" 

1985 BBC Radio World Service "Chemistry in Space" 

1985 BBC Radio Sussex "Chemistry in Space" 

1986 BBC (Science Now) "C60,Buckminsterfullerene" 
1989 USA Local Radio Carbon in Space) 

1 991 BBC Radio programme - "Science Now" 

1 992 BBC Radio World Service (x2) 

1992 BBC TV "Molecules with Sunglasses" Horizon 

1992 RAI TV Interview for Italian Television (Premio Italgas) 

1992 NDR TV Nord Deutsche Rundfunk Programme on Fullerenes 

1993 SFB Radio - Sender Freies Berlin, Radio 

1 993 UCLA video film Dreyfus Lecture 

1 994 BBC Select TV - Royal Institution Lecture 

RESEARCH GRANTS 

1970 Microwave Spectroscopy (SRC) 10 000 

1974 Microwave Spectroscopy (SRC) 24 000 



1974 
1978 



Microwave Spectroscopy 
Photoelectron Spectroscopy 

(with M F Lappert) 
Computer 

PDF (with J F Nixon) 
Astronomy (with T Oka) 
Infra Red Spectroscopy 
Quad Mass Spectrometer 
IR spectroscopy 
Jet Cooled i.r. spectroscopy 
Clusters (with A J Stace) 
Fullerene Chemistry 

with R Taylor/ D R M Walton 
Cluster Rolling Grant 

with AJ Stace/J N Murrell) 



(Sch) 
(SRC) 



10,000 
1 8,000 



1979 
1977 
1977 
1981 
1980 
1983 
1986 
1987 
1992 



(SRC) 



20,000 



(SERC) 
(SERC) 
(SERC) 



(SRC) 
(NATO) 
(SERC) 
(RS) 



18,000 
2,500 
72,000 
5,000 
20,000 
33,000 
157,000 



(BP/ICI/SERC) 



200,000 



1992 



(SERC) 



300,000 



MAIN RESEARCH COLLABORATION 

The value of microwave and photoelectron techniques to a wide area of chemistry 
has been highlighted by fruitful collaboration with colleagues here at Sussex. One important 
research project carried out with D R M Walton involved the synthesis and study of long 
chain polyynes. This work led to our detection this species in interstellar space by 
Radioastronomy carried out with T Oka and astronomers at the Herzberg Institute for 
Astrophysics, NRCC Ottawa. A project, carried out with j F Nixon has opened up a new field 
of organophosphorus chemistry. Work has been carried out in collaboration with J P Maier 
(Basle) to study the ions of unstable molecules is now in progress. Cluster Beam studies on 
Carbon with R F Curl and R E Smalley (Rice). Astronomy Research has been carried out with 
M Jura at UCLA, the present Sussex Programme on Fullerene Chemistry is being carried out 
in collaboration with R Taylor and D R M Walton. 



ASSOCIATED RESEARCH PERSONNEL 

35 D.Phil students, 

10 Chemistry by Thesis students 

12 Postdoctoral Fellows. 

POPULAR PRESS COVERAGE 

Interstellar Molecule Discoveries, 

Ottawa Citizen, The Times, The New York Times, New Scientist, Scientific American 
Unstable Phoshorus Molecules: 
New Scientist 



Fullerenes 



New York Times (x2). The Daily Telegraph, Houston Chronicle, New Scientist, C&E News, 
Omni, Sky and Telescope, Science Now, Economist, Der Spiegel, Time, Daily Telgraph 



TEACHING EXPERIENCE 

Lecture Courses (Sheffield University) 

(1961-1963) taught O-level Chemistry at Sheffield Technical College 

Lecture Courses (University of Sussex 1968- ) 

Chennistry Highlights Lectures for Freshers 

1st and 2nd year Spectroscopy courses 

Structural Methods (2nd year course) 

Symmetry {2nd year) 

Advanced Structure (3rd year course) 

Valence Theory for Biochemists (2nd year course). 

Rotational Spectroscopy (3rd year option) 

Astrophysical Chemistry (3rd year option) 

Topics in Chemical Physics (3rd year course) 

High resolution Techniques (graduate course) 

Lecture Courses (Univ. of Southern California, Los Angeles, 1981) 

Chemistry & Spectroscopy of Interstellar Molecules 

Seminars and Tutorials (Sussex) 

Atomic and Molecular Structure {1st year course). 
Mechanistic Principles {1st and 2nd year courses). 
Thermodynamics (1 year course). 
Conceptual Models (3rd year option course). 
Synthesis {1st year course). 
Statistical Mechanics 

Practical Courses (Sussex) 

1st year Introductory Practical Chemistry 

2nd year Physical Chemistry (organiser 1978-80) 

3rd year Chemistry and Chemical Physics Projects. 

ADMINISTRATIVE POSITIONS 

University of Sussex 

Chairman of the University Safety Committee (1986-7) 

School Undergraduate Admissions Organiser (1973-1976). 

Chemistry by Thesis Sub-Board (1975-1978), Sec (1976-78). 

Chemical Physics Subject Group, Secretary (1974-76), Chairman (1976-82 85-87). 

Chemical Physics Sub-Board, Secretary (1974-76) Chairman (1979-83, 85-87) 

School Joint Committee (1973-74, 77), Chairman (1974) 

White House Careers Weekend (Weekend Residential Seminar Course on Careers for 3rd year 

students). Organiser (1974) 
Editing, design and layout of "Chemistry at Sussex" School, Teaching and Research Handbook 

(copy available). The cover design was reproduced in "Modern Publicity", a major 

international annual of the best in graphic art and design 
School Chemical Society Lecture Organiser (1987- ) 
University Senate (1979-1980). 
Science Committee (1980, 1981-2, 1985-7) 

Laboratory Director (1983-86): Overall responsibility for Tech Staff logistics, deployment, 
grading etc; School research strategy, budgeting, expenditure, building and laboratory 
space allocation. 
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Ceo: Buckminsterfullerene 
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/. Introduciion 

In 1967 Palmer and Shelef wrote the definitive review 

7i.p'a review U comprehensive (up to Nov 1, 19iM5). 

?FrS) i:?di S si^SuLl review is ne«ssary 
Kme y exkLnce'of the fuUerenes as a famiW 
newt n esUbUshed and it is ;^fu^ U, a jn- 
venient nomendature such as fullerene-60 f""" 
Inp 70 which can apply to the whole family. There are 
orcourTe nWfouT^pLible C« and C™ cage .8ome«^ 
however here we shall, in general, mean the most geo- 
5Slv attble cages for which there is now no doubt 
fn th?c J"o thf 60 and 70 atom species-they are 
/ fuUe^^^eO and (D5,)fullerene-70 where standard 
SiSK have b^n added as prefaes. Smc* the 
Sn« of fuUerene-60 and its spontaneous creation 
havfr^if cations in numerous areas from the p^^ap- 
e^ti« o^bonaceous soUds and microparudes through 
c^^Stten. thermolysis, and syntheuc organic ch^^^^ 
Utry to the nature of the carbonaceous consutuents of 

sp^. these taP»<=?t•<'■'^«^^^^*'wWch probed 

n«riM a series of erpenmenta in IStto wmcn jjrui^ 

th?Se ^dlhem^ reactivity of the spec'es pj?" 
duc^ during the nudeation of a arbon plasma the C« 
sS^^discovered to be sUble by KroU, Heath 
oS> C^. and Smalley.' It was proposed that thu. 





f 



Ha^ Kroio (tern was 

peoods ai me National "o""'"*,^^;.^^ ,o S« Unn,- 

ot new "fJ^fJS ratfoastrcSny studies o( «i- 
thiocarDonyts. and f>'*f'I^J^ eoeriments a.nwO 

lersiellar molecules, to <=art»" ttX^ wt« was 

at understanding stellar s^Tunivef s«y is 

!S^."S:rrw:s^22S?edr Un.e,s^ and 
Sussex Univefsity. 

.f^hilitv was due to geodesic and electronic properties 
Srentrthe tnJcated icosahedral cage structure 

rriii Figure 1 and the -""l^^^l^rrdidTot rece ve 
minsterfuUerene. This novel P'°P^„^^n^"^'ve 
instant universal acceptance smce it appeared tx> have 
h«n based on higUy circumstanUal evidence. Indeed 
U is no^lew^t there was a significant degree of 
sceot^cUm rthe minds of some with regard to the 
vS"o"the proposal, perhaps ^^^^^'t^l 
u,fl«; disoersed among many disparate scientilic oDser 

icochemical stability-a condusion totally mdependent 

°^J«?rer4^eTro1^ was the s^plest and 
mr^t eleeant explanation of the umque behavior and 
TslriL AXive explanation was ever presented. 
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Figure I. C(w; buckminsterfullerene.' 

(iii) The proposal was consisieni with many earlier 
observations on bulk carbon and clarified some previ- 
ouslv unexplained phenomena in carbon cheniistry. 

The fulierene structural proposal has recently been 
confirmed bv complementary observations froni two 
groups- Kratschmer, Lamb, Fosiiropoulos, and Huff- 
man." in following up their earlier IR investigation (in 
1989)* which suggested that might be present m 
arc-processed graphite, extracted a soluble material 
which formed crystals. The X-ray analysis showed the 
material to consist of 10-A diameter spheroidal mole- 
cules and supplemenurv mass spectrometric and in- 
frared data provided the first unequivocal evidence for 
Ceo (and C-q)- In a parallel, independent investigation 
which probed this same original key observation. 
Taylor, Hare, Abdul-Sada, and Kroto^ found that sim- 
ilarly arc-processed graphite gave rise to a 720 m^s 
peak, commensurate with the presence of fullerene-60, 
and that this material was soluble and could be ex- 
tracted directlv. The extracted Cgo compound yielded 
a single NMR line which proved that all 60 carbon 
atoms are equivalent as expected for the truncated 
icosahedral buckminsterfullerene structure. Taylor et 
al, also showed that Ceo and C70 can be separated 
chromatographically and that the latter has the 
prolate, ellipsoidal structure first suggested by Heath 
et al.® These results provide further support for the 
conjecture that a whole family of fullerenes exists. 

Since these revelations, which are discussed further 
in section IX, the fulierene field has exploded and nu- 
merous groups are probing various facets of physico- 
chemical properties of the fullerenes. Indeed a new field 
of carbon chemistry has been bom, and the first fal- 
tering steps of the promising infant are described in 
section X. Thus this review is particularly timely as it 
is written at the precise moment when the final sen- 
tence in the last paragraph of the first chapter in the 
story of the fullerenes has been completed. The open- 
ing paragraphs in the next chapter are just being 
written and they herald a new era in which the flat 
world of polycyclic aromatic chemistry has been re- 
placed by a postbuckmisterfullerene one in which round 
structures are favored under certain surprisingly com- 
mon circumstances.*** This article reviews the buck- 
minsterfullerene story from the time when it was just 
a twinkle in the eyes of a few imaginative theoreticians, 
through the experiments which revealed that it actually 
formed spontaneously and exhibited stability to the 
most recent revelations that it could be isolated and did 
indeed possess the round hollow cage structure as 
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FiKure 2. Diagram of €«, next to an icosahedron published in 
the book Aromaticity by Yoshida and Osawa.'* These authors 
discuss (in Japanese) the -superaromaitciiy which might ac- 
company electron de local izaiion over a three dimensionaJ trun- 
cated icosahedral pure carbon molecule. 

proposed. As many contributions to the story as could 
be traced by Dec 1990 are included. 

//. Summary of Relevant Carbon Studies Prior 
to the Discovery of Stability 

At least part of the reason for the degree of interest 
engendered by the buckminsterfullerene proposal re- 
volves around its high degree of symmetry. Mankind 
has always been fascinated by symmetric objects, in- 
deed stone artifacts with the form of the Platonic solids, 
dating back to neolithic times, have been found in 
Scotland,^^ indicating that human beings have long had 
a spiritual affinity with abstract symmetry and an 
aesthetic fascination for symmetric objects. The trun- 
cated icosahedron is one of the Archimedian sera- 
iregular solids\ however in hollow form an early example 
appears in the book De Divina Proportione by Fra 
Lucia Pacioli. A reproduction of this drawing by Leo- 
nardo Da Vinci entitled -VCOSEDRON ABSCISVS 
VACVVS' is to be found in the book The Unknown 
Leonardo^'^ which is rather more accessible than the 
original! 

The Ceo molecule itself was first suggested in a most 
imaginative and prescient paper by Osawa in 1970" and 
discussed further in a chapter on "Superaromaticity" 
in a book by Yoshida and Osawa^* in 1971; the original 
diagram is depicted in Figure 2. An equally imagina- 
tive article, which actually predates this work, was 
written in 1966 by Jones in which he conjectured on the 
possibility of making large hollow carbon cages. '^^^ The 
next paper was that of Bochvar and Gal'pern in 1973 
who also published a Huckel calculation on Cgo." " In 
1980 Davidson published a paper which used graph 
theory to deduce an algebraic solution of the Huckel 
calculation for fullerene-60.*^ Davidson s orbital energy 
level diagram, depicted in Figure 3. was determined by 
using a calculator, and this paper contains an unusually 
prescient paragraph in the light of recent observations 
(particularly those in section VII): "Should such 
structures or higher homologs ever be rationally syn- 
thesized or obtained by pyrolytic routes from carbon 
polymers, they would be the first manifestations ol 
authentic, discrete three-dimensional aromaticity. 
Haymet's study" on this molecule coincided very 
closely with its discovery in 1985.^ 

On the experimental front there were many very im- 
portant early papers on carbon clusters and these have 
already been reviewed.^-^ Perhaps the most interesung 
early carbon cluster papers (and the ones which in fact 
actually stimulated the dUcovery experiments) were 
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Figure 3. The Huckel molecular orbital calculation for buck- 
minaterfullerene was carried out by Bochvar and Gal'pem*' 
il973) and Davidson'* (1980). prior to. and by Haymet" U985) 
coincidentalJy with, its discovery. The orbital energy level di^am 
(units of 3) depicted here is that published by Davidson" who 
determined it using graph theor\' lo obtain simplified algebraic - 
relations which were evaluated with a calculator (reprinted from 
ref 19; copyright 1981 Springer- Verlag Publishers). 

those published by Hintenberger and co-workers in 
1959-63^*"" in which it was shown that species with up 
to 33 carbon atoms could form in a carbon arc. The 
next important advance was made by Rohlfing, Cox, 
and Kaldor^ in 1984 who found that much larger car- 
bon clusters (C„ with n = 30-190) could be produced 
by vaporization of graphite (Figure 4), Rohlfing et al. 
used the supersonic nozzle, laser vaporization technique 
developed by Sraalley and co-workers at Rice Univer- 
sity2* in 1981. In this technique clusters are made by 
laser vaporization of refractory materials into a pulse 
of helium or argon in the throat of a supersonic nozzle. 
The vaporized material nucleates in the gas pulse which 
then expands supersonically into a vacuum chamber 
where it cools and is skimmed. The skimmed beam 
passes into a second chamber where the entrained 
clusters are ionized by a second laser pulse and the 
cluster ion mass distributions determined by time of 
flight mass spectrometry (TOF-MS). The mass spec- 
trum observed by Rohlfing et al." is shown in Figure 
4; they pointed out that only ions with even numbers 
of carbon atoms were observable for the new family of 
clusters with more than 30 carbon atoms. Packing or 
magic number effects are very weak under these con- 
ditions.^ Bloomfield et aL® also studied carbon clusters 
by the same technique and observed both positive and 
negative even numbered ions. They also studied the 
* fragmentation behavior of the new family and in par- 
ticular chose the Cgo cluster for further study and 
showed that it could be photodecomposed with 532-nm 
multiphoton laser radiation. 

///. The Discovery of 
BuekmlnsterfuOerene 

In September 1985 the reactions of carbon clusters 
were investigated by the Rice/Sussex group.^-* Th«se 
experiments were aimed at simulating the conditions 
under which carbon nucleates in the atmospheres of 
cool N-type red giant stars. Circumstantial evidence 
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Figure 4. Time-of-flight mass spectrum, jbsen-ed by RahlfinE. 
Coi and Kaldor.^ of caroon clusters procuceo by laser vapori- 
zation of graphite. In this expenment carbon clusters vnih .TO- 1< 0 
atoms were detected for the iLret time. These studies srn-wed trtai 
oniy even- numbered ciusiers \fcere stable ■ reprinted from rei Zri. 
copyright the Arrerican Instituu u; Hhysicsj. 

sources of the long carbon chain molecules in the in- 
terstellar medium and in pariicuiai ihat ihe formation 
process might be related in some importani way to soot 
formation.-'* The interstellar cyanopoK->-nes (HC^N in 
= 5-11)) were discovered by a SNuersisiic combination 
of laboratorv' microwave spectroscopy experiments.*"-^ 
theoretical analysis.-^'' and observaitonaJ radioastrono- 
jjjy 36-39 'Yhe cluster beam experiments showed con- 
vincingly that species such as HC-N and HC9N. which 
had been detected in space,-^'^ could be produced by 
such laboratory simulations of the conditions in carbon 
stars.^-**** A second motivation for probing laser va- 
porization of graphite was the question of whether 
carbon clusters were associated with the so-called dif- 
fuse interstellar bands as Douglas had proposed in 
1977.*** The development of resonant 2-photon ioniza- 
tion in conjunction with the cluster beam technique to 
obtain the high-resolution spectrum of SiC2 by Mic- 
halopoulos et aL** suggested that the electronic spectra 
of carbon dusters might be accessible by this technique. 
During the course of the experiments^ ** which probed 
the behavior oif the pure carbon clusters a striking 
discovery was made — imder some clustering conditions 
the 720 mass peak appeared to be extremely strong 
(Figure 5).' Indeed the intensity of the Ceo peak, 
relative to the adjacent cluster distribution, could be 
varied dramatically just by altering the conditions. In 
particular, conditions could be found for which the mass 
spectrum was totally dominated by the Cgo peak — at 
least in the mass range accessible (Figure 6). It was 
concluded that Cgo must be particularly stable to further 
nucleatioD and it was proposed that this might be ex- 
plained by the geodesic factors inherent in a truncated 
icosahedral cage structure in which all the atoms were 
connected by sp* bonds and the remaining GO x elec- 
trons distributed in such a way that aromatic character 
appeared highly likely.^ 

In these experiments it was found that the C^Q peak 
also showed clear enhancement although to a lesser 
extent; the C^/Ojo ratio was ca. 5/1 in general. In 
previous experiments^-® the Ceo/(C5e or Cgj) ratio was 
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Furure 5 Time-of- flight mass spectnim of carbon clusters produced by laser vaporizaUon of graphite (Sept 4. 1985) under conditions 
wSchfirst exhibited the dominance of the C„ cluster and led to the recognition that 60 might be a -magic number. 
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Figure 6. Timeof-fli^ mass Bpectnun carbon dusters produced 
by laser vaponzation of graphite under the optimum conditions 
for obaervation of a dominant C«o duster signal.' Note also the 
prominence of Ctq. 

conditions were found in which a ratio of 20/1 or more 
was achieved (Figure 6). It was soon realized that al- 
though Coo generally appeared fairly special, the con- 
ditions under which it appeared dominant were rather 
unusual They were conditions in which the major 
fraction of the carbon had nucleated to form macro- 
scopic particles too large to be detectable by the mass 
spectrometer. Thus it was recognized that the signal 
shown in Figure 6 shows the '"small" carbon species 
which remain when the micropartides have formed. 
Due to the fact that geodesic structural concepts were 

a ffuide to the hollow cage structural explanation that 

* - • 
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Figure 7. The lUPAC name of fullerene^ determined by 
computer analysis — according to P. Roee.*' 

cule was named after Buckminster Fuller, the inventor • 
of the geodesic domes.** Although the name chosen, 
buckminsterfullerene^ is a little long.*^*® it is not as 
long as the lUPAC alternative and not as difficult to 
pronounce (Figure 7)*^ and certainly not as difficult to 
derive!****® The name fulleiene can be conveniently and 
appositely used for the whole family of closed carbon 
cages with the 12 pentagons and N (other than one) 
hexagons in an sp* network.*-** For several reasons, not 
least the problem of ambiguity with international sports 
nomenclature, some other names are probably not as 
satisfactory, they are certainly leas enlightening. 
Since the buckminsterfullerene detection paper^ was 
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virork has been carried out. Two complement arv ac- 
counts covering many of the important genera, impli- 
cations and experimental observations have been given 
by Kroto*° and Curl and Smalley.^' More focufed ac- 
counts have also been published dealing mamiv Anh 
experimental obsersanuns."'"^ astrophysicai :rr.m:(.a- 
tions.*^***^ symnnetry and structure, consideraiiom .it 
fullerene-60. and the icosahedral giant fullerer.r^ 
The chemical implications have also been discu5>trri hy 
Kroto*^ and Krolo and \VaJton.^° Hirota^^ and Heath*^' 
discuss fullerene-60 as well as other novel *arbon 
molecules. 

IV. Sources of 

In the original work, which showed how conditions 
could be achieved to produce a signal in which tne 
peak was dominant, the pulsed nozzle /laser vaporiza- 
tion technique^, was used to produce the clusters trom 
a graphite target and photoionization TOF-MS used to 
detect them. The laser- produced plasma expanded into 
a high pressure (ca. I-IO aim) of He and the target 
graphite surface was continually replenished so ihat the 
surface remained essentially flat. A nozzle extender was 
used to increase the clustering time prior to expansion 
to ca. 100 MS and the high He pressure increased the 
nucleation rate. Although initially it was coniectn.'-ed 
that perhaps graphitic sheet fragments might have been 
ablated from the graphite target and rearranged into 
the buckminsterfullerene structure, subsequent con- 
siderations suggested that Cgo was more likely to have 
formed by nucleation from carbon vapor consistinE. at 
least initially, of C atoms and very small carbon mole- 
cules.*^ Negative ion distributions produced by crossing 
a laser with the cluster beam just as it exited the 
nozzle^ have been studied, and the relationship be- 
tween these and positive and negative ion distributions, 
obtained directly from the vaporization zone li.e. 
without photoionization), has been discussed by Hahn 
et al.** and O'Brien et al.^ The consensus of opinion 
was that Ceo appeared to exhibit special behavior 
whether charged (positive or negative) or neutral and 
that the nucleation rate order was neutrals > cations 
> anions.* Very detailed discussion of the conditions 
under which C^o appears to be special has been given 
by Cox et al.^ These studies are discussed in more 
detail in section V. 

Carbon cluster distributions exhibiting dominant C^* 
signals, can be produced in another way as O'Keefe, 
Ross, and Baronavski* and Pradel et al.® have shown 
using high vacuum TOF-MS. In these experiments the 
graphite target is inside the mass spectrometer vacuum 
system and remains stationary. After several laser 
pulses a hole is drilled in the graphite and nucleation 
appears to occur in the cavity. McElvany et al,,™ using 
ICR- MS techniques, have shown that if the axis of the 
laser-drilled hole is aligned parallel to the trapping 
magnetic field a strong C^* signal predominates in the 
mass spectrum. In a study of the small cluster distri- 
bution, McElvany, Dunlap, and O'Keefe^^ found that 
the vaporization of a diamond target produces the same 
distribution as does graphite. This result indicates that 
the clusters appear to be produced by nucleation of 
atomic/ molecular carbon vapor rather by a process in- 
volving the ablation of bulk fragments from the target. 
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Figure 8. Infrared absorption spectrum observed m 1989 by 
Kralschmer. Fosiiropoulos. and Huffman*''* from carbon produced 
bv arc-discharge processing. Kratschmer et al. made the per- 
ceptive observation that the four sharp absorption features in- 
dicated might belong lo fuUerene-60. The frequencies were 
tanlaiizingly consistent with theoretical predictions (section VHI) 
for the fundamental vibrations of fullerene-60 i reprinted from 
ref 74; cop>Tight 1990 Elsevier Science Publishers). 

vaporization procedure for producing C^-* in order to 
deposit material on a film. They have shown that the 
mass spectrum obtained by subsequent laser desorption 
of the resulting material yields a very similar cluster 
distribution to that of the cluster beam experiments. 
They have also carried out isotope scrambling mea- 
surements^'' supporting the conclusion that Cgo is as- 
sembled from small carbon species in the gas phase 
after vaporization (see section VI). 

A fascinating and ultimately key observation was 
described in September 1989 by the Heidelberg/Tucson 
group: Kratschmer, Fostiropouloe, and Huffman*-'^ who 
detected four weak bands in the infrared spectrum of 
a fdm deposited from a carbon arc under argon (Figure 
8). Kratschmer et aL pointed out that the vibrational 
frequencies of the four bands (and associated ^ shifts) 
observed were in tantaliiingly close agreement with 
theoretical estimates for fullerene-60 (details in sections 
VIII and IX). 

Several other interesting studies have shown that 
laser vaporization of a wide variety of carbonaceous 
target materials (other than pure carbon) also yields a 
dominant C^o signal: e.g. carbon films (Creasy and 
Brenna^*), polymers such as polyimides (Creasy and 
Brenna,'® and Cambell et al.*""™), coal (Greenwood et 
al,**), polycyclic aromatic hydrocarbons (Giardini- 
Guidoni et al.,"* and Lineman et al.®^). Last but not 
least, So and Wilkins** have shown that Ceo can be 
detected by laser desorption of soot! In fact Uiey have 
observed even-ntmibered carbon cltistera with as many 
as QOO carbon atoms (Figure 9). This result and similar 
experiments may indicate that giant fullerenes may also 
be forming.®* All experiments show that conditions can 
be found in which the Cgo* peak is either prominent or 
dominant. However conditions also exist for which this 
is not the case."* It is likely that the availability of many 
other pathways to "organic" (H-containing species) may 
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Figure 9. Laser desorption Fourier transform mass spectrum, 
obaerved by So and Wilkins*** of soot deposited on a KCI-coated 
stainless steel probe tip. Note that all the peaks here also cor- 
respond to et^en numbered carbon spwcies. Since only even- 
numbered carbon aggregates can close perfectly it is possible that 
the explanation for this phenomenon is that these species are 
fullerenes and that the larger species are giant fuUerenes of the 
kind depicted in Figure 22. 
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Figure 10. Remarkable positive-ion laser desorption Fourier 
transform mass spectrum, observed by Rubin ct al," of the ring 
carbon oxide depicted under low laser power. This oxide which 
might be expected to decarbonylate to yield a €30 monocyclic ring 
has clearly dimerscd to form €«, buckminsterfuilerene! 

A most exciting result was described by Rubin et al.^ 
who have used a combination of organic synthesis and 
laser desorption mass spectrometry. In a preliminary 
study by the same group (Diederich et aL^ attempted 
to prepare pure carbon rings, a prominent peak for the 
C18 cluster was detected during mass spectrometric 
analysis of a laser desorbed 18-carbon ring precursor. 
This work has now been advanced in spectacular fash- 
ion; refined measurements on Cig and precursors^ 
yield mass spectra which show prominent Cgo and C70 
signals. However most striking is the observation that 
laser desorption of the ring precursor produces a 
mass spectrum containing a totally dominant Cgo signal! 
(Figure 10). This result suggests that, in the vapor 
phase, a spectacular dimerization process occtirs in 
which two €30 polyyne/cumulene rings combine in a 
concerted folding rearrangement to form the Cqo cage.^° 
The implications of this process and indeed other as- 
pects of the fullerene discovery for organic chemistry 
have been considered. 

Some of the most important of all these experiments 
were those of Homann and co-workers^~^ ^o detected 
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Figure II. Mass spectrum of C,La ciuater compieies ana bare 
C„ clusters as observed by Heath ei al. ' when LaCIj-doped daphne 
is laser vaporized (ArF 6.5 eV. 10 mJ cm*). Noie'ihe paniruiarlv 
strong peak for CeoLa and the absence of a peak for C^ioLa-; This 
result is discussed in section VI (adapted from ref T- 

Cqq* in a sooting flame. These observations are dis- 
cussed in more detail in section VII. 



V. Stabliny and Intrinsic Properties of C 

After the buckminsterfuilerene structure was pro- 
posed"* the intrinsic properties of the species were 
probed by the Rice/Sussex group.^^ It was cieariy 
vital to determine how reliable the experimental ob- 
servation of the "stability" of the Ceo cluster was. i.e. 
how ''special" or ''magic" the cluster actually was and 
how certain one could be about the buckminsterfui- 
lerene hollow cage explanation. After all the proposal 
appeared to rest entirely on the observation of a single, 
strong mass spectrum peak at 720 amu (Figures 5 and 
6), and such highly circumstantial evidence needed 
further support. Mass spectrometry is particularly 
susceptible to erroneous conclusions drawn on the basis 
of magic numbers due to the likely presence of ioniza- 
tion and fragmentation artifacts. Various aspects of the 
original experiment led to the conclusion that the cation 
mass spectrum (Figures 5 and 6) was most probably an 
accurate reflection of the neutral cluster distribution. 
Nevertheless it was necessary to carry out experiments 
in order to probe the behavior of Cqq more deeply in 
order to generate further evidence, albeit still circimi- 
stanttal, to support the stability conclusion and the cage 
structtire proposal. 

During the period from 1985 to 1990 many experi- 
ments were performed by a nimiber of groups operating 
in the cluster field which probed carbon behavior with 
a view to confirming or falsifying the fullerene-60 pro- 
posal If Ceo really were a cage then the most obvious 
next step was to attempt to trap an atom inside the 
cage. The first result, in this context, was the obser- 
vation of CfioLa by Heath et alJ By using a graphite 
disk, soaked in LaClj solution a strong signal was ob- 
tained for the monolanthanum complex CeoLa, with no 
evidence of a peak for CeoLss (Figure 11). Cox et al.^^ 
questioned the conclusion, lliey pointed out that, since 
Ceo needs two 6.4 eV (ArF) photons for ionization and 
CeoLa only one, the relative strengths of the CeoLa"^ and 
bare Ceo'*' signals should not necessarily be taken 
as reliable gauges of their respective abundances, and 
a possible CimLa*'*' sisnal misht be too wenk to HptAot 
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Fican 12. Carbcm duster ions obeerved under various production 
conditiona.-" (a) negative ions produced by directmg a KrF ex- 
dmer into the nozrie during expansion, (b) posi^ve carbon cluster 
ions produced ditecUy during vaporization m the nozzle wihoui 
the aid of the KrF exdmer laser, and (c) negative ions produced 
direcUy during vaporization in the nozzle, again without the aid 
of the KrF exdmer laser but with longer residence time m the 
dustering region than in the case of tiie pwiUve ions depicted 
in b (reprinted from ref 52; copyright 1987 Gordon and Breach 
Sdence Publishers, Inc.). 

Cox et aL^ have discussed further the cage hypothesis 
in general and metal atom encapsulation in particular 
and after detafled assessment they condude that overall 
their observations are non-committal over whether Ceo 

was a cage or not ... 

For the smaller carbon spedes the poaiUve ions du- 
play the well known magic numbers: 11, 15* 19» 23 (the 
80-called -An = 4" effect, cf. Figure 4) whereas the 
negative ions exhibit a different sequence.^^"'**^ 1 ne 
paper announcing the original discovery* assumed that 
themass spectra (Figures 5 and 6) reflected accurately 
neutral carbon cluster distributions. If the buck- 
minstcrfullerene structural proposal were correct how- 
ever, the positive and negative ion distributions would 
be expected to exhibit a similar prominence for the 
60-carbon atom analogue. The first experiment to 
probe this possibility^ showed that negative ions, pro- 
duced by laser ionization just after the duster beam 

exited from the nozzle exhibited an anion mass spec- 
trum in which was dominant In this experiment 
the neutral species became negatively charged by 
' electron transfer. If the positive or negative ions, pro- 
^^^ 'duoedf directly by vaporization are studied, it ts found 
j£ ?i:-;^-that only after clustering is allowed to continue for a 
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Figure 13. Metastable maas-analyied ion kinetic energy scans 
(MIKES) published by Radi et aL" The parent ion (on the nght) 
is mass selected by the magnetic analyzer and the horizontal axis 
is a scan of the electrostatic analyzer voltage. The parent ton 
energy is 8 keV, C, loss is observed from Cw (above) and Cq 
(below). Note the dramatic differences in metastable activity as 
reflected by the relative intensities of the product peaks, relative 
to their parent ions in these two cases (reprinted from ref 93; 
copyright 1990 the American Institute of Physics). 

significant length of time is the Ceo" dominant®® 
otherwise it is not" Some examples of mass specua 
recorded under various conditions*!^ arepresented 
in Figure 12. Cox, Reichmann, and Kaldor®' describe 
some intriguing relative time-of-flight differences m 
behavior between various individual clusters, in par- 
ticular Cn and Ceo. which are highly dependent on the 
nozzle parameters. These experiments appear to sug- 
gest that wall reactions may occur in the nucleation 
channel It is possible that what was observed in this 
experiment was Ceo deposited in the channel wluch 
subeequentiy desorbed. The main evidence for the iin- 
portance of wall effects lies in the detection of CeoK 
clusters when a new, pure (Le. K free) carbon target 
replaces a previous one doped with potassium. 

Important observations have had a bearing on the 
stability of Ceo. TTie very early experimente by Bloom- 
field et aL» showed that Ceo was susceptible to multi- 
photon fragmentation. A series of studies by Bowers 
and co-worker8»** showed that Ceo wuld undergo 
metasteble fragmentation. Particularly mteresting is 
Uie observation that Ceo exhibits much loww metasta- 
bility tiian otiicr neighboring clusters such as C » as 
shown in Figure 13. These results svygest thjt Iwt Ceo 
may exhibit phenomena awoaated ^^^^ 
perhaps an intriguing f<mn of surface fluidity. Ontiie 
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Fiffure 14. Fragmentation products under ArF (15 mJ cm**) 
irradiation observed by O'Brien et aL** Under irradiation the 
mass selected Ceo* cluster (including ca. 20% Cn and ca. 10% 
Cjj) is here seen to fragment into smaller even dustexa: Cn, 0^, 
etcbyk)68ofC]»C4,etc Particulariy interesting is the ofaeervation 
that Cao and are favored fragmentation products (reprinted 
from ref 95; copyright 1988 the American Institute of Physics). 




Figure 15. Hypothetical fragmentation-rearrangement mecha- 
nism presented by O'Brien et al. * involving Ct loss and cage 
re-sealing which could explain the fragmentation phenomena in 
Figure 14 (reprinted from ref 95; copyright 1988 the American 
Institute of Physics). 



other hand, O'Brien et aL^ and Weiss et aL* have 
shown that cold eihibits little, if any. evidence for 
fragmentation. The likely explanation for this disparity 
is that clusters produced under the vacuum vaporiza- 
tion conditiona^^-®^ possess massive amounts of in- 
ternal energy leading to metastable Ceo*. As special 
behavior is most dramatic after extensive degrees of 
nucleation have occurred it is possible that the 
signal observed under vacuum ablation conditions is 
actually a mixture of isomers, at least in part Related 
studies by Hasselberger et aL*" show that metastable 
fragmentation is less severe when clusters are produced 
with lower internal energies. The measurements of 
O'Brien et aL* showed that multiphoton fragmentation 
of clusters with 32-80 atoms occurred by elimination 
of even carbon fragments, {n = 2. 4, 6, rather 
than lower energy C, species. Particularly intriguing 
is the observation that large dusters, with 70 or more 
atoms fragment to form smaller even-duster distribu- 
tions in which is spedaKFIgure 14). Clusterswith 
less than 32 atoms fragment into a range of smaller 
carbon species, a result interpreted as evidence that 
dusters with less than 32 atoms were not cages. O'Brien 
et aL"* also presented an interesting mechanism for this 
process which is depicted in Figure 15. Laser irradi- 
ation studies by Weiss et aL" showed that the metal 
complexes were also quite resistant to photofragmen- 
tation. They also showed that multiphoton fragmen- 
ta^on of C«^* resulted in metal-complex products 
CnM for which the critical smallest sizes occur at n s 
4«, 44, 44-42 for M = Cs, K, and La, respecUvely 
(Figure 16). TTiis result provided strong circumstantial 
evidence for metal atom encapsulation because the 
minimum physical cage size scales with the ionic radius 
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Figure 16. High-order photof ragmen tation pattern of C«K* 
(above) and C«,C8* (below) detected by FT-ICR mass spectrom- 
etry by Weiss et al* The break-offs observed at C^gCs* and C„K* 
are in excellent agreement with expecution for the smallest 
fullerene networks capable of encapsulating the metals, based on 
the known ionic radii (reprinted from ref 96; cop>Tight 1988 
American Chemical Society). 

of the metals in the series. 

Prior to the isolation of macroscopic samples of the 
fullerenes (section EX) several experiments were carried 
out in order to determine their physical, mainlv spec- 
troscopic, properties. Tandem TOF-MS experiments 
were devised to explore the possibility that the spectra 
of Ceo (neutral) and Cgo* (the positive ion) might be 
responsible for the astrophysically intriguing diffuse 
interstellar bands (section XI). These experiments in- 
volved the resonant photodissociation of a van der 
Waals complex of benzene with neutral C^o and Ceo*. 
It proved possible to photofragment Ceo-CgHe but not 
the ion complex, C^^-C^H^, probably because charge 
transfer forces bind the adduct too tightly in the ion 
complex.'^ Very weak photofragmentation of the neu- 
tral complexes of Ceo with CgHe and CHjCl 2 was ob- 
served at 3860 A by depletion spectroscopy.^ 

Yang et aL'' used an ingenious technique developed 
by Cheshnovsky et aL**** to observe the UV photoelec- 
tron spectra of negative cluster ions. In these experi- 
ments the spectra of carbon clusters from C48 to C84 
have been observed. Of particular interest are the UPS 
patterns of C50, Ceot and C70 which show a low energy 
LUMO featore consistent with closed shells for the 
neutral spedes. Ceo had the lowest electron affinity: viz 
2.6-2.8 eV. Hiese observations provided further strong 
support for the fiiUerene proposal The ionization po- 
tential of Cqo was obtained in an elegant way by Zim- 
merman et aL^"^ who used a series of charge transfer 
measurements with various reactants of known IP to 
bracket the IP of Ceo-* 7.61 ± 0.11 eV. This result was 
consistent with conclusions drawn horn early experi- 
ments which indicated that the IP Lay between the 
energy of the ArF exdmer laser (6.4 e V) and that of the 
P« laser (7.9 eV> hecfliwA r.« »■« 9-nK«*«^ j u.. 
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- m f k™,K*tM^l*^honvaDornudeation scheme^"*"* proposed for the 
Figure 17. Diagramauc ^^'^^'^''tC^^^^^h^ trapped the traSi^e inside the spiraiing network^ 

sheU graphite micropart.cles NoU ^^^^ »^.^Xr^^^ thit might be produced by a modification of this 

This species is thus essentially embryo for fur t^^^ In tuchk^ furthefgrowth by chemical bond formation might be 

=d"totV^^^^^^^ T^^TJ^^^^ InV occur as intermediates during soot nucleation (reprinted from 

ref 108; copyright 1988 Macmillan Magazines Ltd.). 



ArF and 1 -photon ionized by ?2-^^^ , 

As mentioned in section FV, the most intnguii^ and 
convincing spectra were those obtained in the infrared 
studv of Kratschmer, Fpstiropoulos, and Huffman in 
1990^-^* (see further details in sections VIII and lA). 

VI, Reaction Studies 

The first reaction studies aimed at probing the 
concept were those of Heath et ai.'' and Cox et al. 
(discussed in section V) who studied the carbon/meta^ 
complexes. Rohlfing et al.^* and Heath et al earned 
out similar reaction studies which focused mamly on 
the properties of the carbon chains. It is also important 
to note that van der Waals complexes can form m the 
supersonic beam if Ceo is cold. 

When various gases such as CO, NO, and SO2 were 
introduced into a reactor, placed downstream from the 
nozzle in which C«, is formed. Zhang et aL^*" showed 
that all the even carbon clusters were totally unreactive. 
The odd clusters were, on the other hand, very reacUve. 
These experiments gained significant further support 
from the studies of McElvany et aL™ and Weiss et aL 
which showed and its analogues to be extremely 
unreactive in an ICR trap. However if gases are mixed 
with the driver gas in the nozzle. reacUons cmi take 
place before and after Ceo is 

a wide range of hydrocarbon products is detected 
(Rohlfing,**** Hallett et al..»» and Doverstal et aL* ). 
Rohlfing has used an in-line reflection modification of 
the cluster beam technique and made some very careful 
high-resolution mass spectrometric measurementoof 
the reactions of clusters Q»-C» with hydrogen.^ The 
variations in reactivity appear to be structure related 
and consistent with the cage proposal The study 
suggests that chain cluster species with as many as 44 
carbon atoms may be present Complementary ex- 
periments by Hallett et al.»** and Doverstal et aL*« 
indicate that clusters in the Cjo-C^o range show at le^t 
three different types of reactivity as evidenced by the 
mass spectrometric patterns of the hydrogenated 
products. The observations** are consistent with the 
proposal that small fiillerenes (Cao. C,4. ^ ^ 

form.* They are also consUtcnt with the fact that 
formation that no 22 atom fullerene can exist, as 



VI L Gas^hase Carbon Nucleation and C^o 
Formation 

It would appear that most workers in the field are 
able to observe special behavior fairly easQy and under 
a wide range of conditions, all of which have one major 
feature in common: Cgo appears to be dominant oniy 
when nucleation nears completion, leaving behind Ceo 
and other even-numbered relatives such as C70. This 
result has one obviously simple explanation; at least 
some fraction of the even clusters— particularly Cep— is 
unreactive toward growth into macroscopic particles. 
The spontaneous creation of Ceo requires a mechanistic 
explanation. In particular, entropy factors clearly need 
to be carefully assessed when it is proposed that so 
symmetric an object is formed in a chaotic plasma. A 
feasible nucleation mechanism was provided^by Zhang 
et al.^"^' and refined further by Kroto and McKay. 
The nucleation model proposes that curved sp^-hnked 
(aromatic) carbon networks form (Figure 17) and can 
serve as embryos for further growth. The energetics of 
sheet carbon cluster radicals is invoked to explain the 
curvature/partial closure. Essentially the drive toward 
closure is governed by the energy released as a result 
of eliminating the edge dangling bonds. For instance 
a flat graphite-like sheet of 60 atoms would have at least 
20 dangling bonds, whereas fullerene-60 would, of 
course, have none. In general, in a chaotic system, 
partly closed, overlapped embryos, such as that shown 
in Figure 16c, are expected to form and which, once 
overlapped, cannot dose perfecUy. These species are 
probably highly active nucleation sites to which per- 
manent chemical binding of adsorbing fragments can 
take pUcc. Of course some form of closure/ annealing 
process might take pUce if the temperature is high 
enough for intra and extra network rearrangement to 
occur It was proposed**"-^* that during this general 
spiral nucleation process some embryos would close 
forming fullerenes, particularly fullerene-60 which 
would no longer present a site for efficient accretion. 
The process is primarily a physicochemi(»l nucleation 
scheme in which the fullerenes act as deadends for the 
most rapid nucleation. 

After embryo formation, epitaxial growth has been 
shown to result in icospiral graphitic giant molecules 
ftr micTODarticles»<* with structures consistent with 




Figure 18. Comparison by McKay et al.*"**'^ between TEM images of polyhedral graphitic microparticles observed by lijima'" and 
simulated TEM images for a hypothetical spiral shell panicle predicted by the nucleation scheme depicted in Figure 17. The fairly 
round particle observed by lijima which is depicted in a and b is seen to exhibit a similar pattern to the simulation top. right. On 
the other hand the more polygonal particle, shown in c and d, exhibits a similar pattern to the simulation shown bottom right. The 
simulations are for the same particle observed from different angles. The hypothetical particle has shell interconnections which can 
most easily be seen in the lower right simulation. In b and d the polygonal outlines are delineated. 



those of spheroidal graphitic microparticles observed 
by lijima in 1980.i*» "0 Kroto et al."^ "^ have provided 
further support for the scheme in the form of TEM 
image simulations based on the icospiral concentric shell 
structure concept,'^ in excellent agreement with the 
lijima images as depicted in Figure 18. Roulston et 
aL^" have shown that certain electronic and structural 
properties of amorphous semiconducting carbons can 
be explained on the basis of a spheroidal graphitic in- 
frastructure, rather than by the traditional flat mi- 
crostructure. Yacaman et al.*^**^^^ have shown that FT 
power-spectra processed* electron microscope images 
of carbon microparticles appear to be consistent with 
the quasiicosahedral spiral substructure.^^ Attention 
has been drawn to the fact that small graphitic micro- 
particles actually consist of crystalline quasiicosahedral 
graphitic cores surroimded by amorphous carbon sur- 
face layers."^*® Interestingly. lijima"** has shown that 
the TEM structure at the nucleus of one of the carbon 
microparticles, studied earlier'**^ was consistent with the 
image expected if it were a C«p cage. With hindsight 
this result demands further serious investigation to see 
whether fullerene-60 can itself be encapsulated during 



later stages of particle growth. 

Wales"^ has considered some statistical aspects of the 
growth dynamics of closed-cage structures and Bemholc 
and Phillips have discussed the kinetic factors involved 
in the growth of carbon clusters in general,^ ^® 

It was also suggested that a mo^ied form of the 
nucleation scheme, devised to account for the sponta- 
neous creation of Ceo, could also explain the spheroidal 
nature of 3oot^"5.io8wui9 This proposal was criticized 
by Frenklach. Ebert, and co-workers^*^ who favor an 
earlier theory, which invokes the physical condensation 
of flat PAH molecules held together by van der Waals 
forces into coagulating liquid drops. However, Harris 
and Weiner point out how little has been firmly es- 
tablished about the soot formation mechanism. It 
can in fact be demonstrated^^ that the new scheme is 
broadly consistent with kinetic, structural, and chemical 
observations made on soot and its formation process. 

The new nucleation scheme predicts that some C^q 
should form as a byproduct^**^^** of soot production. 
Subsequently Gerhardt, Lofller and Homann,*^"** in 
studies of the ions produced in a sooting flame, foimd 
conditions under which the mass spectnmi shown in 




j Figure 19. Mass spectrum, observed by Gerhard t, Loffler. and 

1 Homann.""*' of positive ions produced by a sooting benrene - 

I oxygen flame (C/0 = 0.76) (reprinted from ref 87; copyright 1987 

Elsevier Science Publishers). 

Figxire 19 is obtained. This spectnim is almost identical 
with that observed during the pure carbon laser va- 
porization experiments where Ceo* is the dominant ioni 
I Homann and co-workers conclude that this observation 
1 should not be taken as support for the new spiral nu- 
cleation scenario as the tell-tale even ions with a dom- 
inant Ceo* peak are not seen until after the inception 
of soot particle formation. The carbon /hydrogen re- 
action studies^^'" promise to shed further light on the 
soot formation process, but the way in which the results 
might dovetail with the conventional data remains to 
be ascertained. Kroto has summarized the present state 
of affairs from this viewpoint.*" 

VI IL Theoretical Studies of the Futterenes 

Theoretical studies predating the discovery of Cgo 
have been discussed in section II. After the discovery, 
theoreticians had a ball and many aspects of the mol- 
ecule's properties have already been probed. The com- 
prehensive overview of theoretical work on fullerene-60 
presented by Weltner and Van Zee' is here conflated 
with more recent work. 

One important aspect of the original experimental 
observations was the fact that C70 also showed special 
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behavior. Topological and chemical stability arc^- 
ments, as discussed by Kroio^ and Schmah et al..- ex- 
plain this observation as being entirely consistent with 
the fuUerene proposal. Indeed these studies suepesieo 
that if the mass spectrometric signal were due 
its having a closed cage fullerene structure. .shoi:,c 
show special behavior also, for the same reason. Thu.-. 
most importantly and rather convincingly, the rullert 
structure proposal no longer rested on the single line 
observation. In fact it had now gained sienilicar.: 
further support by the fact that a prediction had beer, 
made and neatly confirmed. Indeed the iwu obscr . 
tions, taken together, provided convincing evidence 
the existence of a whole family of fullerenes and furthrr 
probing suggested that in addition to C^o and ^to- 
C24. C28, C32, and C50 clusters {Figure 20) should a!^" 
show varying degrees of special stabilit)"^-' (N.B. fui; 
erene-22 cannot exist*"^). 

The dominance of Ceo ^to *'as ascribed to the laci 
that these are the smallest fullerenes that can ha\ e an 
isomer (one in each case) in which none of the 12 pen- 
tagonal configurations, necessary and sufficient :■.).■• 
closure, abut.®^ It.was shown^*° that the predict ior;S 
were commensurate with the mass spectrum obtainec 
by Cox et al.^ (Figure 21) and consequently there ex- 
isted convincing experimental evidence for the fullerene 
family proposaL Since even- numbered carbon clusters 
are detectable with as many as 600 or more carbon 
atoms,®* the possibility of giant fullerenes^^-*^* such as 
C240 and Cs4o shown in Figure 22 appears to be an ex- 
citing possibility.^ 

Isomer stability has been discussed by Stone and 
Wales^^ who noted that the difference in energy be- 
tween isomers is small and suggested that the sienaJ 
should be due to a mixture of isomers. This result is 
difficult to reconcile with the observation (Figures 5 and 
6) since it leads to the conclusion that Cgo is no more 
special than other clusters such as Ce2- Potential energy- 
functions have now been developed for the carbon cages 
systems by Takai et al.*^ and Balm et al.^® The sim- 
ulated annealing, Monte-Carlo methods used by Zer- 
betto'** to study the behavior of small carbon clusters 
have been applied by Ballone and Milani"* in order to 
show that the fullerene cages are minimum energ> 
structures. 

A group theoretical analysis of the electronic prop- 
erties of the fullerene family, by Fowler and Steer. 
showed that the members, C„ where n = 60 + 6/z (/z = 

0, 2, 3, 4 i.e. an integer other than one), should have 

closed-shell electronic structures. The degree of aro- 
maticity in a compound is of interest, and the number 
of Kekule structures is often considered to be a guide. 
A total of 12500 for fullerene-60 has been calculated 




Fiffura 20 Five possible •magic" fullerenes predicted to display enhanced stability, relative to others in the range with 20-80 atoms, 
cm the hmntn of *>h»mirn! i»nH »^#-ir foMnr^ tr*r>^r.f»A -f Q- ^«,r^»M ^aarr m.^;iu« — - 1 
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Figure 21. Time-of-flight mass spectrum taken from the data 
of Cox. Reichmann, and Kaldor."^ The strong peaks are in ex- 
celteni agreement with expectation*^ if they correspond to 
fullerenes. The fullerenes 24. 28, 32, 50. 60, and 70 (Figure 20) 
are predicted lo exhibit enhanced stability, i.e. are magic. Note 
the snarp cutoff at C^* which is consistent with the fact that a 
no 2Z a lorn tullerene can form. 

by Schnialz et aJ..^^ Hosoya,^^ Brendsdal and Cyvin,^"** 
and by Elser.'^ Resonance circuit theory has been 
applied to this problem by Schmalz et al.,^^ Klein et 
^ ; 36.1 3: ^gjj ^ Randic, NikoUc, and Trinajstic.^^^^ 
These studies indicate that account must be taken of 
the fact that some resonance structures make negative 
contributions to the aromatic stabilization. Schmalz et 
al.^ compared resonance circuit theory with Huckel 
molecular orbital (HMO) theory and concluded that Cgo 
should be less aromatic than benzene. Amic and Tri- 
najstic'*° discuss stabilization arising from bond delo- 
calization. Graph theory has been applied to Cm and 
to other systems by Balasubramanian and Liu"^^ and 
also by Dias who has circumvented group theory in 
order to simplify Huckel calculations.^^ Huckel cal- 
culations on fuilerene-60 have been made by Hay- 
met***-^ and the stabilization due to delocalization 
discussed. Jiang and Zhang^^ have calculated the 
stability of fullerene-€0 by Huckel theory using moment 
analysis techniques. Hess and Schaad*^ as well as 
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Aihara and Hosoya^^" have also applied Huckel theory 
to the problem, focusing on aspects of spheroidal aro- 
ma ticity. 

Fowler and Woolrich*** have made three-dimensional 
HMO calculations which predict that and C70 are 
closed shell systems. Fowler'*^ extended this approach 
in order to assess the stability in other, larger fuUerene 
cages, while Fowler, Cremona, and Steer^*** have dis- 
cussed bonding in nonicosahedral spheroidal fullerene 
cages. Fowler**' has extended these ideas to various 
classes of cylindrical fullerenes and predicted closed 
electronic shells with an empty nonbonding orbital for 
clusters consisting of 10(7 + 3k} and 12(7 + 3*) atoms 
with 5- and 6-fold symmetry. Ceulemans and Fowl- 
gj.i52,iM considered possible Jahn-Teller distortion 
pathways for icosahedral molecules. 

Byers Brown'^ has discussed the simplification that 
high symmetry imparts to x-system calculations and 
obtained algebraic solutions for the orbital energies of 
fullerene-60. Electronic and vibrational properties were 
calculated by using a two-dimensional HMO method 
by Coulombeau and Rassat.^^ Seraiempirical calcula- 
tions including the effects of nonplanar Tr-orbitai 
overlap due to curvature have also been carried out by 
using the free-electron model in the Coulson-Golu- 
biewski, self-consistent Huckel approximation by Ozaki 
and Takahashi.**® Haddon et al**'**^ have also con- 
sidered the effects of nonplanarity, i.e. pyramidalization. 

Extended Huckel calculations by Bochvar, Gal* pern, 
and Stankevich*^ and INDO and INDO/CI calcula- 
tions by Feng et al.*® have been applied to Cgo and its 
isomers. A comparison between Cgo and graphite was 
made by MNDO with geometry optimization by New- 
ton and Stanton. McKee and Herndon*^^ also ap- 
plied MNDO theory to cage carbons and concluded that 
the flat "graphitene" cage,*** in which two coronene 
sheets are linked by pentagonal rings at the edge to 
form a disk-like structure should be more stable than 
fullerene-60. These authors also considered the mech- 
anism of formation arising from rearrangement. Reh- 
ybridization and bonding were studied by Haddon, 
Brus, and Raghavachari who applied the x-orbital axis 
v€ctor/3d.HMO (P0AV/3D HMO) method*" *** and 
concluded that larger clusters were favored. It was also 
postulated, that fullerene-240 should be more stable 
than Cgo- Luthi and Almlof*^^" have carried out 




Fifure 22. lite set of fullerenes Cmv and Cmq with diameters in the ratio 1:2:3. Kroto and McKay*^ showed that quasiicosahedral 
shape devekifM rapkUy for the giant fullerenes. Strain in the giant fullerenes is expected to be focused in the regi<u3s of the oorannulene-like 
cusps. The surface thus becomes a smoothly curving network connecting the twelve cusps (reprinted from ref 108; copyright 1988 
MacmiUon Magazines Ltd.). 
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large-scale restricted Hartree-Fock calculations and they 
deduced that AH, = 415-490 kcal/mol (reUtive to 
graphite) the electron affinity should be 0.8 e V and the 
ionization energy 7.92 eV. The electron affinity (2.4 e\0 
has been calculated by Larsson. Volosov. and 
and by Braga et aL^^ SchuUnan and Disch^" have 
5*ft^r»li>tj>rf the heat of formation on the basis of ab initio 
SCF theory*' 

Hale^® determined electronic properties, such as the 
ionization lenergy for fiillerene^, by the discrete var- 
iational (DV)-Xa method using the Slater transition 
state formalism. Such calculations tend to be good for 
spheroidal systema. Hale's orbital energy level diagram 
for fiillerene^ is reproduced in Figure 23. The linear 
combination of muffin-tin orbital method in its atomic 
sphere approximation (LMTO ASA) was applied by 
Satpathy.^^ Calculations in whidi the partial retention 
of differential overlap PRDDO approach was applied 
were carried out Marynicl^ a»d Estieicher.'^ Stone's 
tensor surface harmonic theory was used by Fowler and 
Woolrich.'** The IMOA method (iterative maximum 
overlap approximation) was applied to a range of 
fullerenes by Kovacevifi, Graoivac, and Babie" to fiBSM 

hybridization, stnictuxe and the amount of strain in 
these cages. Haddon^*" has discussed degree of pyram- 
idalization considerations for fullerene-60 and other 
- aromjatic compounds. ' i^. I 

A . Fabre and Rassat hive reviewed the properties of 
^Iknown aromatic molecules which are essentially com- 



In some of the calculations the electronic spectra of 
the fullerenes were the main focus. The calculation 
of Kataoka and Nakajima^^ and Lfiszlo and Udvardi^™ 
used the Pariser-Pan^Pople method (with CI) to de- 
termine spectra, structural parameters, and oscillator 
strengths. Optimized INDO calculations were pub- 
lished by Shibuya and Yoshitani.^*" The electronic 
structure and the spectra have also been studied by the 
CNDO/S method (induding CI) by Larsson et aL^» and 
by Braga et aL^^ Hayden and Mele^" evaluated x- 
bonding behavior using the tight-bindmg model with 
electron-phonon coupling for the ground and excited 
states of fullerene-60. Jahn-Teller instabilities in the 
excited electronic states and the i<m have been classified 
by Negri, Orlandi, and Zerbetto^'* who have also esti- 
mated Franck-Condon patterns and phosphorescence 

quantum yields. ^ • 1 

Several calculations focused on the vibrational 
properties of fullerene-60. The result of primary (and 
historical) significance is that only four fundamentals 
are IR active due to the high symmetry of the molecule. 
Of the 174 vibrational modes giving rise to 42 funda- 
mentals of various symmetries, four have t^ symmetry 
and are IR active ^irhmas 10 (eight h, and two a,) are 

Raman active. ,^ . . . - 

Newton and Stanton*"^ gave preliminary details of the 

vibrational behavior of fullerene-60 using MNDO the- 
ory A non-Caxt^ifin coordinate method was employed 
to describe the Cifiwbratians in terms of four-force field 

^*»^*o K«r ^;^«l<iVi oftH rUw^iw ^ Ah in i tin 
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SCF/ST0-3G calculations of the vibrational properties 
of Ceo other sytametric carbon cages have been 
published by Disch and Schulman.^^* Schulman et al.^*^ 
have applied the ab initio and AMI methods to full* 
erene-24 and fullerene-60 in order to obtain heats of 
formation, vibrational frequencies, and ionization en- 
ergies. Coulombeau and Rassat have considered the 
vibrations of several fuUerenes up to fullerene-120.*®^ 
They have also discussed hydrofuUerenes.*** in addi- 
tion to calculating the rotational properties on the basis 
of icosahedral symmetry analysis,^** Weeks and Harter 
have carried out a normal mode study on the basis of 
a classical spring/ mass model. They have also dis- 
cussed the rovibrational properties of fullerene-60. 
Stanton and Newton** extended and revised earlier 
MNDO studies giving detailed information on the 
normal modes. They have derived group theory in- 
variance theorems for vibrational analysis and have 
discussed the A„ vibration which essentially consists of 
rotary oscillations of the pentagonal rings. Cyvin et 
al.*^* used a 5-parameter force field to calculate the 
frequencies of the four IR active and 10 Raman-active 
modes; and Brendsdal et al.^^ have considered ap- 
proximate methods in order to determine all 46 vibra- 
tional frequencies. Brendsdal^^ has discussed the 
symmetry coordinates. 

Slanina et aL have carried out a harmonic vibrational 
analysis within the AMI method for fullerene-60 and 
also fullerene-70.*** The study has been extended to 
include consideration of structural, energetic, and 
thermodynamic properties of both species using MMP2 
and MNDO methods. ^^^^ Bakowies and Thie!*^*^ 
have used the MNDO approach to calculate the IR 
spectra of a whole range of fullerenes from 024-0240- For 
C70 they deduce that one vibrational band should be 
significantly more intense than the rest, see section X. 

Heymann has discussed the possibility that He may 
be trapped in a fullerene-60 cage.^ Calculations have 
been made of the spectroscopic properties of various 
intracage complexes by Ballester et aL^^ assuming the 
central atom is trapped in a polarizable uniform 
(spherical) dielectric cage. Kroto and Jura^ have 
discussed the importance of charge-transfer processes 
in the spectra of neutral and ionic fiillerene intra- as 
well as extracage (van der Waals) complexes. For the 
ions the energy is just the difference between the ion- 
ization potentials of the Cqo cage and the encapsulated 
species. Van der Waals complexes such as Ogo'H'*' are 
likely to be particularly important (section XI). Rosen 
end Waestberg have calculated the electronic structure 
of OeoLa (and Oeo) obtaining ionization energies and 
electron affinities for the neutral and ionic species 
within the local-density approximation."*^ Saito^ 
has also used the local density approximation to cal- 
culate the electronic properties of OqoM (M = K« 0, 01). 

Theoretical calculations have been carried out on 
fullerene-60 derivatives such as hydrofuUerenes by 
Coulombeau and Rassat^^ and by Scuseria^ who has 
also considered the perfluorofullerene, C^go- Crystal 
packing considerations for spheroidal molecules in- 
cludixig fullerene-60, have been discussed by Wil- 
liams."" 

Several papers have focused on the likely electrical 
and/or magnetic properties of the fullerenes in partic- 

lllflr fiinav«nA_AA PHaav »r\A VJaiiArx^ aoaSOe XJ\Mf\ 
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Figure 24. X-ray diflfttKtion pattern of a microcrystallire powder 
of fullerene-60 obtained by Kratschmer. Lamb. Fostiropoulo^. 
and Huffman.* Inaet (upper left) 13 a single-crv'siaJ eieciron 
diffraction pattern (shown in more detail in Figure 25) indexed 
with Miller indices compatible with the X-ray pattern. This 
pattern provided unequivocal evidence that the Ceo species they 
bad isolated was a round ball 10 A in diameter in pen'ect 
agreement with expectation for buckminsterfuilerene ueprtnied 
from ref 4; copyright 1990 MacmiUan Magazines Ltd.). 

and London theory, calculated the ring current mag- 
netic susceptibility and concluded that the shielding 
should be vanishingly small (less than 1 ppm) due to 
cancellation of the diamagnetic and paramagnetic 
contributions. They concluded that fullerene-60 should 
not show normal aromatic behavior. Studies by Fowler. 
Lazzeretti, and Zanasi^^° and Pauling^^^ have suggested 
however that the diamagnetic term has been underes- 
timated. From large scale ab initio, coupled Hartree- 
Fock calculations (involving all electrons) of the po- 
larizability and magnetizability of and C^^*, Fowler 
et al.^^** conclude that the shielding should be roughly 
the same as for related aromatic systems. Haddon and 
Eber^^' have discussed their own results^-^ and 
reinterpreted those of Fowler et aL"** and conclude that 
the latter study is consistent with a small delocalized 
susceptibility. Schmalz"^ has argued that the Fowler 
et aL"® interpretation is correct. The NMR study of 
Taylor et aL^ yielded a chemical shift for fullerene-60 
which is fairly typical for an aromatic species. Fowler 
et aL"^ have extended their approach to the calculation 
of the shifts in fullerene-70, obtaining results consistent 
with observation and confirming the line assignments 
made by Taylor et aL^ This problem is further dis- 
cussed in section X. 

IX, The IsoiaUon, Separation, and Structural 
Characterization of FtMlerenesSO and -70 

Almost five years, to the day, since the special be- 
havior of the Ceo signal was recognized (Figure 5) and 
the buckminsterfuilerene proposal made,' macroscopic 
samples were isolated and characterized. Kratschmer, 
Lamb, Fostiropoulos, and Huffman,* in following up 
their earlier IR observations,^^^ discovered that at ca. 
^00-400 a solid material cotild be sublimed from the 
deposit obtained from arc-processed graphite. They 
foimd that this sublimate was soluble in benzene and 
could be crystallized The X-ray and electron diffrac- 
tion analyses (Figures 24 and 25) of the crystalline 
material so obtained (Figure 26) showed it consisted of 

Mnn«t«> 1 K •w*U**»w*;*l*»l 
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Figure 25. Single-crystal electron diilTaction pattern of fuller* 
ene-60.* Further details of indices are given in Figure 24 (reprinted 
from ref 4; cop>Tight 1990 Macmillan Magazines Ltd.). 
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Figure 26. Transmission micrograph of cryrtals extracted by 
Krfltachxner et aL^ from the deposit of arc-processed graphite. 
Thin plateleta, rods and stars of hexagonal symmetry are observed 
(reprinted from ref 4; copyright 1990 MacmiUan Magazines Ltd.). 

by ca. 3.1 A (in graphite the interlayer distance is 
3.4-3.5 A). Hiese authors also reported IR (Figure 27), 
UV /vis, and mass spectra of the extracted material. 
Bands of C70 were present (weakly) in the IR spectrum 
and, in the UV/vis spectrum, some features of fuUer- 
ene-60 were masked by those of fullerene-70. These 
results provided the first confirmation of the fuller- 
ene-€0 structural proposal 

In a parallel and independent study of similarly 
arc-processed carbon, Taylor et aL® had also shown that 
Ceo was present by FAB-sampIed mass spectrometry 
and that a red soluble extract could be obtained by 
treating the carbon deposit directly with benzene. 
Taylor et aL' processed the extract by the Soxhlet 
procedure and obtained a material which mass spec- 
trometry showed to contain a range of fiillerenes, Ceo 
and C70 in particular (Figure 28). This material was 
chromatographed by using hexane/altmiina, and Ceo 
^and C70 were thereby separated into a magenta and red 
' fractions, respectively. "C NMR measurements yielded 
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Figure 27. Infrared spectrum of fullerene-60 presented by 
Kratschmer et al.^ showing the four fundamentals in excellent 
agreement with expectation for the proposed fullerene-60 
structure. Weaker features bebng to fullerene-70 (reprinted from 
ref 4; copyright 1990 Macmillan Magazines Ltd.). 
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Figure 28. FAB-sampled mass spectrum, obtained by Taylor 
et aU' of the soluble material extracted from arc-processed gra- 
phite. Apart from unequivocal evidence for C«o and Cn is the 
extract there is also evidence for other even-numbered carbon 
species, particularly Csa and (reprinted from ref 6; copyright 
1990 The Royal Society of Chemistry). 

proof that all 60 atoms are equivalent— a result totally 
commensurate with the buckminsterfuUerene structure. 
There is of course the alternative solution that all the 
atoms are located on the perimeter of a monocyclic ring. 
This (explosively) unlikely possibility was eliminated 
by the l^ilR spectrum of Ct© which consisted of a set 
of five lines (Figure 29c) with a chemical shift pattern 
and relative intensities commensurate with the fuller- 
ene-70 structure (Figure 30b) fust suggested by Heath 
et aL'' This result not only confumed the fullerene 
5/6-ring geodesic topology but also eliminated the 
possibility that the carbon atoms might be fluxionaL 
Almost as important is the confirmation, by this result, 
of the existence of other members of the fullerene 
family. 

X RostbucknUnsteffuOerene ReseBfch'-Tfw 
FM Results 

Since the revelation that macroecopic samples of the 
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^!SiScSd7^ (a) "C NMR spectrum of a purified 

samSte ahariting only a sii^le 

sample. axKl (c) spectrum of a purified sample of Cj, f^^JT*"?^ 
C« has been eliminated. These spectra are consistent with the 
sSicSres and assignments presented in Figure 20 The ^ng of 
tS^SSSe benani solvent signal Ua to the far nght-hand side. 
This set of observations provided unequivocal evidence thatthe 
carbon atoms in C« were indeed ell equivalent in perfect 
agreement with expectation if the molecule were buckminster- 
?SlS»e(FSguie30). fi^- to specto^ 
consistent with that expected for (DsJfuUeijne-JO (Figure 30). 
This spectium eliminated any lingering doubt there m ight have 
been thatthe C atoms were either fluiional or perhaps located 
on the perimeter of a monocycUc ring. It also pnwded evident 
for the rtaMUty <rf other members of fuDerene family'^Mreprinted 
f?omwf 6: copyright 1990 The Royal Society of Chemistry). 




Ficon 80. Sd>«matkdiitgramsaf£un«^^ 
0^ ob diagrams of Slanina et aL»»«). AU sixty atoms in 
fuUerene-60 are equivalent whereas fuDerene-TO poesewes five 
dSemit of^rbon in the ratio. 10:1^0^ ^m theord«r 
ateateiwpectively as shown. Compare with the NMR ^lectrum 
shown in Figure 29. . 

chroinatooaphically separable, it is now the turn of 
experaiiDtalist tbliave a ball Ajie et aL»" and Hare 
[ — * - the UV/visible spectra of chro- 
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FiRure 31. UV/vis spectra of chromatographically separated 
fullerene^ and fullercne-70*** in hexane solution (reprinted from 
ref 216; copyright 1991 Elsevier Science Publishers). 

TABLE 1. Properties of C^, BuctaninsterfaUerene 

Vibrational Frequencies 
abs(obs)^ em(ob6)* calc, cm"** 

528 527.1 472 

577 570.3 618 

1183 1169.1 1119 

1429 1406.9 1434 

X-ray Data** 
KC-C) = 1388 (9) A six-six ring fusion 
r(C-C) • 1.432 (5) A five-six ring fusion 

NMRDate^' 
chemical shift (benzene sohi) 142.68 ppm 

Gkctzooic/Spectioaoopic DaU 

electron affmity* 2.6-2J eV 

7.61 (0.02) eV 

213, 257, 329 (i«, » 135000, 175000. 51000) 
404 (w) 440-670 (brd) (max. 500. 540, 570, 
600, 625) nm 

•Reference 4. » Reference 218. 'Reference 191. ^Reference 222. 
•SeealsoFigufe8 24,32.and34. /See Figure 28. 'Reference 6 
also refs 215 and 228). * Reference 99. 'References 101. 102. 239. 
and 240. > Reference 216 (see also ref 215). * See also F igurejl. 

31). Reber et aL"' have observed a luminescence 
spwrtnim. Pnim et aL*" have observed a most inter- 
esting IR emission spectrum from a hot gas-phase 
fullerene sample. The frequencies of the observed ^ 
bands are given in Table L ' 

The availability of significant quantities of fuUerenes 
has also opened up a Round Postbuckminsterfullerene 

Era of polycydic aromatic chemistry. HaufleretaL ^ 
found that can undergo Birdi reduction to produce ^ 
a white 8oUd<rf formula C&fi» They point out that ^ 



ionixation energy 
UV/vis bands'J^ 





F)<mK M OIWEP drawing (80% tUipsoidi) of the one-t»on« 

SS^ ie reliaonship of the cemyl umt with the erene^eo 
^ArnStork- (reprinted from ref "P^^^^f ^ 
X^can Association for the Advancement of Science). 

which 12 isolated double bonds remain, possibly in the 
^ntLonal rings. The reduction appean to be rever- 
See for the existence of a C,oU compl« was 
obtained by the User vaporization approach, used or- 
iginally to detect C«U.^ These authors also described 
SerSults of cycUc voltanunetry measurements wh^^ 
indicated that Ce„ has two reduction P<*enbals^ Sim^ 
measurements have been made Igr AUemand et al.^ 
who obtained a third potential Their cyclic voltam- 
metry measurements indicate Uiat, ainoualy. fidler- 
en»^ and -70 appear to exhibit similar electrochem- 

'"bi wlf of'ibe tot attempto to introduce functional 
oouDB. Hawkins et aL* have found that they can form 
ffi; funerene-60 '^th Wi-tert-b^pynd^ 
and its analogues. In a further study Hawkins et al." 
have now obtained crystals of the oamium comply 
shown in Figure 32 and shown by X-ray ^ysa ^t 
SSSn of rSee sphe«idj. in the soM pha« h« 
been eliminated by the attached pwip. T*« sto^y has 
yielded the first carbon-carbon bond len^ for the 
fillerene cage (Table D- Arbopurt et 
served fascinating Pl«>toph)«>cd behiworju^^^ 
shows no fluorescence and efficienUy catalyws the 
formation of singlet oxygai. These •uthots oteerve a 
smaU S-T spUtting of ca. 9 kcal/mol whidi is pwbably 
due to the large diameter of the molecule and there- 
gulting small electron-electron repulsion energy. This 
toee^er with the very low fluorescence rate and prob- 
ity large spin-orbit interaction appwis to account for 
the fact that intersystem crosang is a dwnmant process. 

Attention has been drawn to ^Ji^J^.^l^^^^ 
_ photophysical activity, care should be taken when 

working with fullerenes. , . , , 

5t V Hutfet aL» and Betiiune et aL?? haye.made uAared 
ijjd^siinbents on chromatograp)ucaBy separated sam- 
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Firure 33. Infrared Boectnim of chromatographicaUy Pyrif>«<l 
fuUe«ne.70 obtained W Hare et al*^J?.<i,«SB*^5i '^l^'^t^^^ 
oalcuiated spectrum of Bakowies and ThieL»*^^*» The dashed 
^S^lSe^S baseline. Notethattbeintei^tyof the very 
aSong band calculated to Ue near 1400 cm"* has been arbitrariK 
redu^ by a factor of 3 relative to other features. Features 
Sculated to be very weak are indicated by ^^^^^.e" ''^^^l^ij^ 
Simated baseline (reprinted from ref 224; copynght 1991 The 
Royal Society of Chemistry). 

ene-70 together with the calculated spectrum of Ba- 
kowies and Thiel^»*» is presented in Figure 33. Be- 
thune et aL«« and Dennis et aL^^" have also made Ra- 
man measurements of fullerene^ and -70. Liquid- 
phase NMR studies of unpurified fullerene mixtures by 
Johnson et aL«» confirmed the result of Taylor et al. 
(carried out on fully chromatographically punfiwl sam- 
ples) that the fullerene^ resonance is a single line. 
Aiie et aL*" have also confirmed the NMR measure- 
ments of a single line for fullerene^ and five lines for 
fullerene-70; the former on a separated sample, the 
latter on a mixed fuUerene^/-70 sample A 20 NMR 
analysis on fullerene-70 by Johnson et aL'^' has une- 
QuivocaUy confirmed the assignments made previoi^ly 

by Taylor ctaL« shown in FiguM 29c and 30b. Further 
refinements- by Fowler et aL"^ of previous studies 
oredict fuUcrene^ chemical shifts in ejceUent agree- 
ment with experiment (within 3 ppm). The study also 
includes estimates of the shifts for fullerene-70 so 
supporting furtiicr the pattern of line ^si^ents given 
^Taylor et aL« (Figures 29c and 30b). Tycko et al^ 
and Yannoni et aL« have made sohd-state NMR 
measurements down to 177 K where the motion is 

sufficienUy slow for chemical shift ^^o' 
obtained. Fullerene-60 rotates iaotropicaUy at 296 K 

and fulkrene-70 rotates somewhat more anisotropicaUy. 
Haddon et aL« have measured the magnetic siwcep- 
tibility of soUd samples of fullerenes and found it con- 
sistent with a molecule with a am^nng <^^^]}^^ 
discussion in section Vni). F<>^1«^»<>^^^^^^ 
tiiis result is compared and contrasted with the NMR 
shift of fiillcrene^ it may imply ambivalent chararter 
when the question of tixe molecules "aromaticity is 

*^P^^MMaiining tmmcyng microscopy (Spi) (fm 
more than any otii^ satisfying feehng of wl^t the 
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Fisun 34 X-rav diffraction pattern obtained by MacKay et aL*" 
from a chromat^aphicaliy purified fuUerene-60 sample. The 
structure reveaied is basicaDy that of a strongly disordered stacking 
of a simple hexagonal close-packing, exactly as for elemental 
cobalU The hexagonal unit cell refines to a = 10.017 ± 0.004 A 
and c = 16.402 ± O.Ol and contains two €«, spheres. The spheres 
would be 10.017 A between centers and the calculated density 
would be 1.68 g cm''. The lines can be indexed as shown and it 
will be noted thai, because of the stacking disorder, only those 
reciprocal lattice rows parallel to c for which -h + « 3n are 
present The c/o ratio of 1.637 is very close to the theoretical 
value of 1.633 and thus the pattern can also be indexed with 
respect to a face-centered cubic lattice (with o - 14.186 A) (as 
of copper metal) with sucking disorder which removes the 200 
and 400 reflections and which introduces a very weak line (the 
first) at a spacing of a/(8/3)"* due to double diffraction from 
stacking faults. The intensity variation of the pattern as a whole 
corresponds to the transform of a sphere of radius 3.5 A giving 
a first minimum in the region of 25 = 25°. Since the crystal is 
a mixture of FCC and HCP arrays, extracted crystalline material 
probably contains solvent molecules trapped in the faults. 

et al.,*^ and Chen et al.^ have deposited fullerene 
monolayers on gold and studied them by STM. The 
spherical molecules tend to form mobile hexagonally 
packed arrays on a surface. Chen et aL^ observed local 
density variations on the surface of fullerene-€0 which 
are highly suggestive of five- and six-membered rings. 

The preliminary X-ray observations were made by 
Kratschmer et al.* working with crystalline material 
consisting mainly of fuUerene-60 with some fullerene-70 
present. A recent X-ray diffraction image was obtained 
by MacKay et al.*" using chromatographically purified 
fuUerene-60 (Figure 34). This image is commensurate 
with a completely random mix of HCP and FCC arrays 
of fullerene-60 molecules. Fleming et al.*** obtained 
purely FCC structured crystals from vacuimi sublimed 
material The implication is that interstitially trapped 
solvent probably stabilizes the mixed FCC/HCF crys- 
tals. It appears that fullerene-60 spheres are routing 
in the lattice"* and that when rotation ceases at low 
temperature the crystals are still disordered at the at- 
omic leveL^*-^^ ^ ^ 

A moat interesting study as far as theoretical chem- 
istry is concerned is that of Lichtenberger et aL^^ 
who measured the photoelectrori spectrum of fuller- 
ene-60 on a surface and in the gas phase (Figure 35). 
The results are in good agreement with the theoretical 
(DV)-Xa study of Hale*® (Figure 23). The first IP of 
fullerene^. 7.61 eV. is nicely consistent with the result 
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Figure 35. Gas phase (upper) and thin film (lower) He I valence 
photoelectron spectra of fullerene-60 obtained by Lichtenberger 
et aL"*-*** The DV-Xo results of Hale'* (see Figure 23) which 
appear to be in good agreement with observation are indicated 
(reprinted from ref 239; copyright 1991 Elsevier Science Pub- 
lishers). 

Luffer and Schram^" have made electron ionization 
mass spectrometric measurements on fullerene-60. 

Several papers presented at a special symposium on 
the fullerenes (Nov 1990) have been collected together 
and published by Averback et al.^*^ Some of the most 
important experimentally determined properties of 
fullerenes are presented in the Table 1. 

XI. Astrophysical Implications of 

Although low-temperatiire ion-molecule processes 
(Herbst and Klemperer^ and Dalgamo and Black^") 
can account for most interstellar species, the long cya- 
nopolyynes presented a problem. It was experiments 
which probed the possibility that carbon stars might 
be responsible for them^^-^ which revealed the stability 
of fullerene-60.^ An important aspect of the experi- 
ments lay in the possibility of probing the conjecture 
of Douglas*** that carbon chains might be responsible 
for the diffuse interstellar bands (DIBs). The DIBs are 
a set of interstellar optical absorption features of var- 
ying widths which have puzzled astronomers and 
spectroscopista since the mid- 1930s. Herbig has pub- 
lished the definitive analysis of these features.2**-246 
Many possible contenders for the carrier have been 
suggested, however no generally accepted explanation 
exists so far. This is strange as the species responsible 
is clearly abundant, chemically bound (Le. not atomic), 
and must be quite sUble in order to survive in the 
hostile interstellar environment or, if destroyed, be very 
efficiently reformed The types of carrier appear to be 
few in number and must have very large electronic 
absorption coefficients. 

The possibiUty that Ceo "^ig^^ ^ ^« "^^^^^ distrib- 
uted in the Universe and particularly in the outflows 
from carbon stars was sxiggested when the original 
discovery of its stability was made.' It was also pointed 
out that the fullerene-60 surface might be an important 
site for the catalysis of interstellar reactions and per- 
haps it (or a denvatiue) might be responsible for s^ 
features as the DIBs. Tliere is one key argument,^**-^ 
associated with the proposal that fullerene analogues 
(ionifSAH or un-ionized. comolexed or otherwise) mav be 
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the carriers has that all previous suggestions do not: 
fullerene-60 and its analogues are unique in that they 
appear to survive the violent processes which occur 
when the atomic components of a chaotic plasma con- 
dense to form particles. Various aspects of this original 
conjecture, particularly with regard to possible deriva- 
tives such as intracage complexes both ionized and 
neutral, have been discussed**"*® in general terms. 

As far as the neutral fullerene-60 species in space is 
concerned, the negative results of searches based on the 
laboratory measurement^ has been publbhed by Snow 
and Seab^^ and Sommerville and Bellis.^** 

The conditions in the ISM are such that a large 
fraction of any fullerene-60 molecules present is likely 
to be ioniied and thus it has been pointed out that the 
spectra of ionized fuUerenes such as Cgo* or fullerene 
analogues (such as the cage complexes CgoM*) might 
be responsible for some astrophysical features.***' 
Leger et al."^ and Joblin et aL^ have taken up the Cgo* 
proposal and considered it further. 

Complexed species (section VIII) in the interstellar . 
medium are particularly interesting as any Cgo present 
is likely to be ionized and probably have something 
stuck to its surface. As the DIBs exhibit features rem- 
iniscent of matrix spectra, the possibility that intracage 
complexes**^^*^^"^ as well as the extracage complexes^ 
might be responsible has been discussed. Heymann^ 
has considered the He intracage complexes and Bal- 
lester et al. other likely species containing 0, Na. etc.^* 
Kroto and Jura^ draw particular attention to the fact 
that the charge transfer bands of the (CeoM)* intracage 
complex and the van der Waals extracage complex 
(Ceo)*-M (M = alkali, alkaline earth, or other element) 
are likely to be very strong. Particularly interesting are 
possible relationships that charge-transfer transitions 
might have with the DIBs and perhaps also the strong 
unassigned 2170 A absorption feature which has puzzled 
astronomers for over seven decades. Hoyle and Wick- 
ramasinghe^* suggested that Ceo might explain 
this feature and further calculations relating to this 
possibility have been discussed by Braga et al}^ Ra- 
bilizirov"^ has also discussed these possibilities. 
Wright^ has discussed the general optical/ UV char- 
acteristics of fullerenes and concludes that the observed 
interstellar extinction is not consistent with the pres- 
ence of significant quantities of spheroidal particles with 
graphite-like outer shells. In this respect the existence 
of the amorphous carbon surface layers surrounding the 
graphite cores of carbon microparticles may well be 
important"* From the UV/vis spectra obtained so 
f^i&ais it j3 clear that neutral fullerene-60 is not re- 
sponsible for either the DIBs or the 2170 A hump. 

There are also some intriguing interstellar emission 
features in the IR, termed the unidentified infrared 
bands (UIBs), which have been assigned to PAH-like 
material by Duley and Williams.^ L§ger and Puget,^ 
and Allamandola et aL^ The assignment rests largely 
on the reasonable correspondence between the astro- 
physical frequencies and those of polycyclic aromatic 
molecules which are usually used for Hngerprint iden- 
tification of large P AHs. Balm and Kroto^ have dis- 
cussed the fact that, if the f\illerene-60 concept is cor- 
rect, PAH material in space is likely to be nonplanar. 
y^* They point out that one feature, namely that at 11.3 
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The new results also offer possible new avenues of 
study as far as condensed carbonaceous matter in the 
cosmos is concerned. According to McKay et al.^ 
caged carbon clusters may offer a plausible explanation 
of some of the isotope anomalies observed in the ele- 
mental analysis of carbonaceous chondrites particularly 
the ^Ne anomaly. ClaNton'*^ has pointed out that 
condensation in the atmospheres of supemovae might 
explain the so-called Ne-E anomaly. McKay et al.^ 
have suggested thai this observation might be explained 
by encapsulation of -Na in fullerene cages or icospiraJ 
embryos during the dusi formation phases that follow 
supernova and nova outbursts. Subsequently, the decay 
of ^^Na yields an encapsulated ^Ne atom. Zinner et 
al.^ have pointed out that isotope anomalies are only 
to be found in spheroidal carbon grains. So far the only 
evidence that Ceo might exist in space is an unconfirmed 
report by Anderson 

XII. Conclusions 

It took some 15 or so years before the imaginative 
theoretical conjectures of Osawa and Yoshida^"*'^* and 
Bochvar and CaJ'pern'"-'^ were realized in the discovery 
of the stability of the mass spectrometric signal^ in 
1985. A further period of five years elapsed during 
which time many experimental measurements and 
theoretical studies were made. By-and-large the theo- 
retical work (section VIII) substantiated the idea that 
buckminsterfullerene should be stable. As time elapsed 
the weight of circumstantial evidence grew and ulti- 
mately became convincing. The key observations in- 
clude: 

(1) Detection of monometallic complexes indicated 
that atom encapsulation was feasible.^-^ 

(2) Further cluster beam studies showed 60 to be a 
magic number whether the carbon species was posi- 
tively or negatively charged or neutral.^*^**^ 

(3) Reactivity studies showed the molecule to possess 
an inertness that was consistent with closure and the 
absence of dangling bonds. 

(4) The pentagon isolation principle explained the 
observation of Cgo as the first magic number and C70 
as the second.^-^ Thus it was shown that the fullerene 
hypothesis rested on the observation of two magic 
numbers and not just one. Further refinement of the 
geodesic principle explained other observed magic 
numbers.*^ 

(5) Large fullerene networks were found to possess 
quasi icosahedral structures and thus related giant 
concentric cage species*** appeared to explain the in- 
frastructure of the carbon microparticles observed by 
lijima. 

(6) Photoelectron measurements of Yang et al.* were 
also quite consistent with the fullerene conjecture. 

These and other studies (discussed in sections V--VII) 
thus had laid the background against which the critical 
infrared observation of Kratschmer et al.*-'^ was made. 
They were led to make this observation by considering 
that some intriguing optical features observed in 1982 
might be due to buckminsterfullerene. These obser- 
vations were followed up by Kratschmer. Lamb* Fos- 
tiropoulos, and Huffman* and Taylor et al. * and the 
results have revolutionized the field in that now the 
material can be made in quantity and the properties of 
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It is interesting to note that the motives for the ei- 
periments which serendipitously revealed the sponta- 
neous creation and remarkable stability^ of were 
astrophysicaL Behind this goal lay a quest for an un- 
derstanding of the curiously pivotal role that carbon 
plays in the origin of stars, planets, and biospheres. 
Behind the recent breakthrough of Kratschmer et al. 
in producing macroscopic amounts of fullerene-60, lay 
similar astrophysical ideas.^ It is fascinating to now 
ponder over whether buckminsterfuUerene is distrib- 
uted throughout space, and we have not recognized it. 
and that it may have been under our noses on earth, 
or at least played an important role in some very com- 
mon environmental processes, since time immemorial. 

The nukterial is already exhibiting novel physical and 
chemical properties and there can be little doubt that 
an exciting field of chemistry and materials science, 
with many exciting applications has opened up. One 
of its most important properties is its ability to accept 
electrons. The low-lying LUMO causes it to be a soft 
electrophile. 

It is perhaps worthwhile noting that Cgo might have 
been detected in a sooting flame decades ago and that 
our present enlightenment has been long delayed. How 
serious this delay has been only time will tell; however, 
already fullerene chemistry is a vibrant field of study 
and the prospects for new materials with novel prop- 
erties is most promising. Certainly, a New Round 
Postbuckminsterfullerene World of carbon chemistry 
appears to have been discovered, almost overnight It 
should not be long before the molecule becomes a 
standard in textbooks; indeed construction procedures 
for fullerene-60 and giant fuUerenes are to be found in 
the educational literature. ^^-^^ 

Warning 

The UCLA group has pointed out the importance of 
treating the material with great caution at this time 
when so little is known about it^ Its ability to catalyze 
the formation of singlet oxygen and its novel chemical 
behavior inevitably suggest the possibility that the 
fiillerenes might be carcinogenic. Particular care should 
be taken to ensure that the dust is not inhaled during 
preparation of the soot itself. 
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The cover picture shows, a section of a high-frequency oven used in a novel 
synthesis of fullerenes. The reaction zone (at approximately 2800 °C, the light 
is dimmed by the soot beginning to deposit) is depicted at the start of the 
fullerene production. The inductor, boron nitride insulation tube, quartz tube, 
and initial formation of smoke can be seen. More about the novel efficient 
synthetic method is reported by M. Jansen and G. Peters on page 223. The 
boom in fullerene chemistry continues. The third in a series of highlights on the 
important recent results (previous updates were published last year in the 
January and June issues) will appear in the next issue. An overview of the 
preparations, properties, and reactions of C^o is planned. This issue includes 
two highlights on silicon clusters including Si^o (P- 1*73). a communication on 
He@C6o (P- 183), and, last but not least, an exciting account by H. Kroto on 
the start of the fullerene story (p. 111). 

Review Articles 




A "round organic chemistry" has burgeoned 
this last year following the development of an 
efficient means of producing fullerenes in 
1989/1990. One of the protoganists in the 
fullerene story describes in a lively personal 
style how this fascinating new chemistry 
came about. In this thriller he points out that 
the discovery of C^o in 1985 did not result 
from an applications-oriented search but 
rather from basic research and scientific cu- 
riosity. 




H. W. Kroto* 




Int. Ed. EngL 1992, i/, 
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Cfto: Buckminsterfullerene, The Celestial 
Sphere that Fell to Earth 
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Almost atomic resolution is achieved today in techniques for studying 
monomolecular Langmuir films of amphiphilic molecules. Synchrotron X-ray 
sources providing well-collimated, high-intensity radiation make this possible. 
In this review the principles and methods used to study thin films are discussed. 
In these investigations, for instance, a strong influence from solute molecules 
or ions in the subphase on the crystallinity of the monomolecular layer was 
revealed: whereas a-glycine increases the crystallinity of a fluorocarbon mono- 
layer, j3-alanine decreases it. Possible explanations for the phenomena are also 
presented. 



D. Jacquemain, S. G. Wolf, F. Leveiller, 
M. Deutsch, K. Kjaer,* J. Als-Nielsen,* 
M. Lahav,* L. Leiserowitz* 

Angew. Chem, n on 

Int. Ed. Engl. 1992, i/, 1 30. . . 1 52 

Two-Dimensional Crystallography of 
Amphiphilic Molecules at the Air-Water 
Interface 
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C^oi Buckminsterfullerene, The Celestial Sphere that Fell 
to Earth 

By Harold W. Kroto* 

In 1975-1978 the long-chained polyynylcyanides, HC5N, HC,N, and HC^N were surprisingly 
discovered in the cold dark clouds of interstellar space by radioastronomy. The subsequent 
quest for their source indicated that they were being blown out of red giant, carbon stars. In 
1985 carbon-cluster experiments aimed at simulating the chemistry in such stars confirmed 
these objects as hkely sources. During these cluster studies a serendipitous discovery was 
made; a stable pure-carbon species, C^o. formed spontaneously in a chaotic plasma produced 
by a laser focused on a graphite target. A closed spheroidal cage structure was proposed for 
this molecule, which was to become the third well-characterized allotrope of carbon and was 
named buckminsterfullerene. It has taken five years to produce sufficient material to prove the 
correctness of this conjecture. There may be a timely object lesson in the fact that exciting new 
and strategically important fields of chemistry and materials science have been discovered 
overnight due to fundamental research, much of which was unable to attract financial support, 
and all of which was stimulated by a fascination with the role of carbon in space and stars. In 
this account, interesting aspects of this discovery, its origins, and its sequel are presented. The 
story has many facets, some of which relate to the way scientific discoveries are made. 



Molecules with Unsaturated Carbon Bonds 

In the early 1970s, the chemistry of carbon in unsaturated 
configurations became the prime research focus for my 
group at the University of Sussex.^*^ We were interested in 
free unstable species and reaction intermediates containing 
C-S, C-P, C-Si, or even C-C multiple bonds. The work orig- 
inated from an abortive attempt to produce thioformalde- 
hyde (H2C=S) by photolysis. However, we switched imme- 
diately to thermolytic activation after I heard a lecture in 
which Don Johnson (from the U.S. National Bureau of 
Standards in Washington, D.C.) described how he and Pow- 
ell had made this compound by passing MeSSMe vapor 
through a quartz tube heated simply by a bunsen burner! 



[*1 Prof. Dr. H. W Kroto 

School of Chemistry and Molecular Sciences 
University of Sussex 
Brighton BNl 9QJ (UK) 
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This approach worked beautifully; we produced numerous 
other new compounds containing the C=S moiety such as 
thioethanal and thioketene by thermolysis of specially syn- 
thesised precursors, and characterized them mainly by mi- 
crowave and photoelectron spectroscopy.^^' These sulfur 
species possessed a distinctive odor, and I for one have sym- 
pathy with the citizens of Freiburg who, according to 
Noller,^^' forced Baumann and Fromm to abandon their 
work on these compounds. We gave up our work on seleno 
analogues for similar reasons after detecting seleno- 
propanal! After success with sulfur/carbon compounds we 
jumped, in the spirit of Mendeleev, to the next element in the 
second row of the periodic table, phosphorus. The first phos- 
phaalkenes, CH2=PH and CHj^PCl,**' were produced in 
1976 in a joint project with John Nixon; several more fol- 
lowed.^*' Simultaneously, Becker in Germany made 
PhP=C(rBu)0SiMe3.^^' At this stage I envisaged a simple 
possible solution to the problem which had been on my mind 
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since 1964, namely to ascertain whether derivatives of Gier's 
beautiful molecule HC=P^*' could be made. I had been fas- 
cinated with HC=P since the day I arrived as a postdoc at the 
National Research Council (NRC) laboratory in Ottawa 
and heard Takeshi Oka (who was then also an NRC post- 
doc) enthuse over a spectrum of this molecule which Kelvin 
Tyler (another NRC postdoc) had just obtained. It seemed 
to me that the chemistry of HC=P and its analogues must 
parallel that of the nilriles. Transition-metal complexes 
could probably be prepared, and cycloadditions to generate 
phosphorus-containing rings would be feasible. The sim- 
ple approach worked very well, and we produced the first 
phosphaacetylene derivative, CHjC^P,'**** by thermolysis 
of EtPCU (provided by R. Schmutzler). We followed this 
breakthrough with the syntheses of other XC=P species 
(X = Hal, Ph,N=C,N=C-C=C,etc.t'^). It is most satisfy- 
ing that, as I had originally conjectured in 1964, the phos- 
phaalkynes (and the phosphaalkenes) have subsequently 
been exploited by ourselves and other groups as synthetic 
building blocks. 

In parallel with our studies of compounds made up of 
second-row elements and carbon we probed molecules con- 
taining chains with C— C multiple bonds. My fascination 
with such chains developed very early on in a study of the 
peculiar molecule, carbon suboxide 0=C=C=C=0 (one 
subject of my Ph.D. work at Sheffield in the early 1960s with 
my supervisor Richard Dixon). This stimulated my curiosity 
in extended carbon chains and the unusual flexibility which 
they often exhibited; a preoccupation with such molecules 
has continued to this day. When I flash-photolyzed C3O2 a 
year or two later at the NRC, I ended up with a cell full of 
black soot and a magnificent spectrum of the C3 molecule, 
whose enigmatic patterns had finally been deciphered by 
Gausset etal.^^^' Almost everything about these carbon 
chains seemed idiosyncratic, and I stored such observations 
up for the future. These memories were reawakened in the 
early 1970s by David Walton's work on polyynes at the Uni- 
versity of Sussex. David had developed elegant methods for 
synthesizing long-chain polyynes, based upon silyl-protec- 
tion techniques which he pioneered in acetylene chem- 
istry.^^ ^" ^'^^ He and his students had made the parent 
24 carbon-atom species in minute quantities in solution and 

H-C=C-C=C-C=C-C^C-C^C-C=C-C^C-C^C-C=C-C=C- 

even a 32 carbon-atom (silyl-protected) polyyne.^*-*' These 
chains were precisely what was needed for a study of vibra 




tion-rotation dynamics— a topic which had attracted my 
interest. In my mind they conjured up an image of a micro- 
scopic quantum-mechanical cheerleader tossing a very 
bendy bamboo baton high into the air — and then attempting 
to catch the violently flexing and turning baton it as it de- 
scended. The obvious first compound for microwave study 
was the cyanopolyyne, HC5N, because of its expected enor- 
mous dipole moment. Walton devised a synthetic route; An- 
thony Alexander, a '^Chemistry by Thesis" student (editorial 
comment: for an explanation see the acknowledgements at 
the end of the review), successfully prepared it and measured 
its microwave spectrum in 1974.*^ This was a wonderful 
achievement for an undergraduate and a very important one 
for me, since it was the first molecule to be characterized on 
our newly acquired microwave spectrometer. 




Fig. 1 . The dark clouds in Taurus from Bamards 1 927 survey, A tlas of Selected 
Regions of the Milky Way, (Ed.: E. B. Frost. R. Calvert), Carnegie Institute, 
Washington, D.C., 1927 . Heiles's Cloud 2 is in the left-hand bottom comer as 
indicated by coordinate markers. 



At about this time spectacular advances were being made 
in molecular radioastronomy. The black clouds which are 
smeared across our Milky Way galaxy (Fig. 1) were found 
to possess long-hidden dark secrets. Townes and co-work- 
ers^**' opened the Pandora's box in 1968 and revealed that 

=C-C=C-H 

the clouds are full of identifiable molecules. Astronomers 
suddenly realized what a key role molecules played in the 




Harold Kroto, born in 1939, studied in Sheffield from 1958 to 1964 and received his Ph.D. for 
his research in the electronic spectroscopy of free radicals with R. N. Dixon. After three years of 
postdoctoral research at the National Research Council in Ottawa and Bell Laboratories, he 
started his academic career in 1967 at the University of Sussex in Brighton, where he became full 
professor in 1985. The most recent distinction Kroto has received is a Royal Society Research 
Professorship (1991). Since 1990 he has been chairman of the editorial board of the Chemical 
Society Reviews. His research interests include the spectroscopy of unstable species, carbon and 
metal clusters and microparticles, as well as interstellar molecules and circumstellar dust. Graphic 
design is his other passion. 
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intimate gas dynamics involved in the birth of stars and 
feplanets. Apart from well-known species such as ammonia, 
water, and ethanol-^nough for 10-« bottles of schnapps in 
Orion alone— Bill Klemperer ingeniously identified the 
HCO"" ion (protonated CO)^*'^ which had not previously 
been detected in the laboratory. Thus space served not only 
as a playground reserved for astronomers, but it now pre- 
sented chemists with a novel piece of apparatus, indeed a 
colossal new spectroscopic sample cell, containing a plethora 
of exotic molecules in a wide range of physico-chemical 
environments.* Shortly after Turner**^! had detected 
HC3N by microwave frequencies, I wrote to Takeshi Oka at 
the NRC; my> group had recorded the analogous frequencies 
of HC5N, and I wanted to search for the molecule in space. 
Takeshi and I had worked (1964-1966) in the same labora- 
tory at the NRC during the golden years of that research 
organization.**' He replied saying that he was ^Wery, very, 
very, very, very much interested". 

In November 1975 the search for radio waves of HC5N 
(with Canadian astronomers Lome Avery, Norm Broten, 
and John MacLeod) resulted in the successful detection of a 
signal from Sgr B2 , a giant cloud of molecules near the center 
of the galaxy.*^*'' Although we had been hopeful, we were 
surprised by our discovery since it had seemed such a long 
shot. In 1975 molecules with more than three or four heavy 
(C, N, or O) atoms were assumed to be far too rare to be 
detectable. However, having found HC5N in space, we 
thought that HC^N might also be present. Walton devised a 
synthesis of HC,N, and graduate student CoUn Kirby man- 
aged the very difficult problem of making it and measuring 
its spectrum,*^*'. By the time Colin (in England) finally suc- 
ceeded in recording the vital frequency, we were actually 
working on the radio telescope, since our allotted observing 
session had already started. Colin telephoned my wife, who 
wrote the value on an envelope (Fig. 2 left). She then tele- 




2r 



Fig. 2. The envelope (left) and intermediate note (right) with the precious ex- 
perimental data from which the frequency of HC,N in space was detcrmmed. 



phoned Fokke Creutzberg, a friend in Ottawa, who also 
noted it carefully (Fig. 2 right) and transmitted it to us at the 
telescope site in Algonquin park (Fig. 3). The next few hours 
were high drama. We dashed out to the telescope and tuned 
the receiver to the predicted frequency range as Taurus 



(•] Under the guidance of Gerhard Herzberg the NRC had become the Mecca 
for spectroscopists. and it was here that Ccc Costain introduced me to the 
delights of microwave spectroscopy. 
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Fig. 3. The 46 m radiotelescopc in Algonquin Park, Ontario, Canada with 
which the long-chain carbon molecules in space were detected. 



(Fig. 1) rose above the horizon (perfect timing). We tracked 
the extremely weak signals from the cold dark cloud 
throughout the evening. The computer drove the telescope 
and stored incoming data, but to our frustration we could 
not process the data on-line while the telescope was runnmg. 
The system did, however, display individual ten-minute mte- 
grations, and as the run progressed we watched the oscillo- 
scope for the slightest trace of the predicted signal m the 
receiver's central channel. During the course of these ten- 
minute snapshots, we gradually concluded that the central 
channel signal was possibly higher on the average than near- 
by ones. Desperate for even the faintest scent of success, we 
carried out a simple statistical analysis in order to determme 
whether the signal level of the channel was greater than the 
noise. As the night wore on we became more and more excit- 
ed, convinced that the signal was significantly more often 
high than low; we could hardly wait for Taurus to set. By 
1 :00 a.m. we were too excited and impatient to wait any 
longer, and shortly before the cloud vanished completely, 
Avery stopped the run and processed the data. The moment 
when the trace in Figure 4 appeared on the oscilloscope was 
one of those that scientists dream about and which, at a 
stroke, compensate for all the hard work and the disappomt- 
ments which are endemic in life. The circumstances of this 
discovery-the arrival of the value of the microwave fre- 




Fie 4 The first oscilloscope trace of the radio signal emitted by interstellar 
HC,N in Heiles's Cloud 2 in the constellation of Taurus (sec the coordmation 
markers in Fig. 1 ). 
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quency from the UK just in the nick of time, the gradual 
growth of the conviction that there might be a signal in that 
central channel of the receiver, and then finally the revelation 
that we (Fig, 5) had detected an enormous molecule in 
space'"'— made for a truly cathartic scientific experience. 
(Modern on-line data processing would have diminished the 
experience). Obviously, the next candidate was HQN, but 




Fig. 5. The team at the NRC laboratory just after the detection of HC^N i 
space (from left): Avery, Oka, Broien, MacLeod, and Kroto. 



its synthesis was a daunting task. Fortunately, Oka devel- 
oped a beautifully simple extrapolation technique with 
which he predicted the radio frequencies of HC^N. Almost 
unbelievably, we detected this molecule as well!^^^' Bell et al. 
later detected even HC,iN.'^'*' 



The Search for the Source of Carbon Chains 
in Space 

It is not so obvious today, but in 1975-1978 such long- 
chain molecules were a totally new and unexpected compo- 
nent of the interstellar medium. How such species came to be 
present was not at all clear. I felt that it was not sufficient just 
to have co-discovered them; I really wanted to solve the 
puzzle of how they got there in the first place, and indeed 
what they were doing there anyway. After all, everything in 
nature seems to have some role to play. The search for the 
source of these compounds became something of a preoccu- 
pation (even an obsession). By the early 1980s I was con- 
vinced that the ion-molecule reactions which Eric Herbst 
and Bill Klemperer,!^^! and Alex Dalgamo and John 
Black'^^i had devised, and which accounted beautifully for 
almost all other interstellar molecules, really could not ex- 
plain the origins of chain molecules.^^- It gradually be- 
came clear to me that red giant, carbon stars must hold the 
key. Particularly interesting was the spectacular infrared ob- 
ject IRC 4- 10216, discovered by Eric Becklin and his col- 
leagues,*^^J which pumps vast quantities of chains and grains 
out into space. I wondered about this red giant and the fact 
that it was shrouded in grains and chains, which were formed 
at roughly the same time,f^ - '^J and whether '^ihe long chains 
may be an intermediate form of carbon, between atoms and 
small molecules such as C, C,, and C3, which are well 
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known, and particles with high carbon content such as 
soot".^^' Perhaps some symbiotic chain/dust chemistry was 
involved. 



The First Visit to Rice University (Easter 1984) 

The foregoing account sets out the background for my 
thoughts about the role of carbon in space prior to my trip 
to Rice University in Texas during Easter 1984 to visit Bob 
Curl. Almost the first thing that Curl told me was that I 
should visit his colleague. Rick Smalley. He enthused over a 
very recent result obtained by Smalley and his co-workers, 
who had analyzed the spectrum of the SiC, and had shown 
the molecule not to be linear, as some might have expected, 
but triangular.t^ai (The analogous C3 species is linear, al- 
though only just.f^*') I visited Smalley's laboratory and saw 
the laser vaporization cluster-beam apparatus which he and 
his co-workers had recently developed. This powerful tech- 
nique enabled the mass-spectrometric study of stable clusters 
formed in a hehum-entrained plasma, produced by a pulsed 
laser focused on a solid target. In this particular experiment 
silicon carbide was vaporized and the electronic spectrum of 
SiCj observed.f^^^ I was much impressed by the result but 
even more by the experimental technique.^^^' This method 
was clearly a major breakthrough in cluster science, since it 
made refractory clusters accessible for detailed study for the 
first time. I had already heard of it, but to see the apparatus 
in operation was quite fascinating. The result of the SiCj 
experiment was particularly interesting to me, because it was 
consistent with some, unusual theoretical results for 
>Si=C< species'^°' obtained at Sussex in collaboration 
with John Murrell some years earlier. What excited me most, 
however, was the thought that by simply replacing silicon 
carbide with graphite, it should be possible to simulate the 
type of chemistry which takes place in the atmosphere of a 
carbon star and produce the long carbon chains. As the day 
wore on I became more and more convinced that the tech- 
nique was perfect for this purpose and that evening discussed 
it with Curl. Because of his interest in microwave spec- 
troscopy, he was immediately enthusiastic, and we made 
plans for a joint project in the hope that Smalley would also 
be interested. Perhaps we could detect chains with as many 
as 24-32 carbon atoms related to Walton's polyynes or Hin- 
tenberger's equally amazing pure-carbon species (C33 etc.), 
which were detected by mass spectrometry in the early 1960s 
in a carbon arc.^^*^ I dreamt that one day it might be possible 
to detect a chain molecule such as HC33N (which is as long 
as the chains that Walton had made in a test tube) in space. 
Curl was particulariy excited by the prospect that we could 
check out an interesting idea of the late Alec Dougias,^^^^ 
namely, that carbon chains might be carriers of the famous 
Diffuse Interstellar Bands— a set of absorption features 
which have puzzled astronomers and spectroscopists for 
more than six decades. Because the project was not consid- 
ered a priority by the cluster group at Rice University at that 
stage, it had to await a convenient slot in their program. 

In the interim, a group at Exxon carried out the basic 
graphite-vaporization experiment. In the summer of that 
year (1984) they published a fascinating result: the discovery 
of a totally new family of carbon clusters C,n-C o 
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much larger species than those prepared by Walton 
etal.*^^"**' or observed by HintenbergerP^' This exciting 
discovery was peculiar because only even-numbered clusters 
were detected. It is important to note that at this juncture no 
specific cluster was perceived to be special. In August 1985 
(almost 1 8 months after my visit) Curl telephoned to say that 
carbon experiments were at long last imminent. He asked 
whether I wanted to come to Houston to participate or if 
they should carry out the experiments and send the data to 
me. One thing was certain in my mind: I had not waited this 
long to have my experiments carried out by others in my 
absence; I wanted to do them myself and to direct the oper- 
ation personally. Therefore I packed my bags and at my wife 
Marg's expense arrived at Rice University within days. 

Second Visit to Rice University — 
The Discovery of C^o 

Silicon and germanium cluster studies were on the Rice 
plate in August 1985 because of their implications for semi- 
conductors. Such experiments were considered to be impor- 
tant because the results might have useful applications (!) 
The carbon project, on the other hand, was thought to have 
no possible application (other than for astronomy) and was 
to be completed quickly, causing as httle delay to the semi- 
conductor study as possible. Preliminary measurents on car- 
bon had already been carried out, and the Exxon spectra had 
been reproduced; nothing untoward was noticed. As soon as 
I arrived (August 28th) I presented a lengthy informal semi- 
nar on everything I knew about carbon in space, stars, and 
soot. My experiments started on Sunday, September 1st, 
1985. I worked in the laboratory alongside two research 
students, Jim Heath and Sean O'Brien — an exhilarating ex- 
perience; Yuan Liu was also involved. We toiled late into the 
night, varying the clustering conditions and monitoring the 
reactions of the carbon clusters with hydrogen, oxygen, and 
ammonia — gases which I thought would give rise to 
polyynylcyanides and other chain molecules. They did! The 
experiments thus immediately confirmed that the chemistry 
in red giant stars could be responsible for interstellar carbon 
chains. Curl and Smalley paid frequent visits to the laborato- 
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Fig. 7. Entries by Heath, Liu, and 03rien in the Cluster Laboratory Note- 
book from the period September 4-7, 1985 when key experiments were carried 
out at Rice University, a) September 4th : First recorded note that C^o and C^o 
were very strong (see also Fig. 6). b) September 5th: signal again very 
strong, c) September 6lh: Record of first experiments which specifically aimed 
at optimization of the conditions for production of a dominant C^o signal ("C^o 
is 30 X larger than Csg.") d) September 7th: Further power-dependence stud- 
ies. 
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Fig. 6. Annotated time-of-flight (TOF) mass spectrum of carbon clusters pro- 
duced on Wednesday, September 4th. 1985. the day on which the dominance of 
the Ceo signal was first recorded (see also Fig. 7 a). 



ry. As the experiments progressed it gradually became clear 
that something quite remarkable was taking place: As we 
varied the conditions from one run to the next, we noticed 
that a peak at 720 amu**' (corresponding to a C^o species) 
behaved in a most peculiar fashion. Sometimes it was com- 
pletely off-scale; at other times it was quite unassuming. The 
spectrum recorded on Wednesday, September 4th, 1985 was 
astounding (Fig. 6). Our reactions were noted in the labora- 
tory record book (Fig. 7 a), and I annotated my copy of the 
printout (Fig. 6). From that point onwards the idiosyncratic 
behavior of this peak was followed very, very closely 
(Fig. 7 b). When this result appeared, the carbon project— 



[♦] Editorial note: amu = atomic mass unit. According to Quantities. Units and 
Symbols in Physical Chemistry (Ed. : Int. Union of Pure and Applied Chem- 
istry), Blackwell, Oxford, 1989 (Chapter 2.10), amu is the symbol for the 
unified atomic mass unit and the unit u. In this review the unit amu which 
is still encountered frequently is used. 
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for the first time— engendered general interest, and by mutu- 
al agreement continuation of the semiconductor program 
was delayed so that we could concentrate on the remarkable 
phenomenon which we had uncovered. As the weekend 
approached our actions, thoughts, and conversations turned 
more and more to the phenomenon. What might this special 
'*wadge" of carbon be? Smalley had never come across this 
British term for a cluster and liked it so much that he started 
to refer to Cgo as the "Mother Wadge"; the omnipresence of 
the cluster led me to call it the "Godwadge". On Friday, 
September 6 during a group meeting. Curl suggested that we 
should concentrate on identifying the conditions under 
which the 720 amu peak was most prominent. O'Brien and 
Heath agreed to work shifts during the weekend. Experi- 
ments aimed specifically at optimizing the signal were car- 
ried out that same evening, and conditions were immediately 
found under which C^o peak was 30 times stronger than the 
adjacent Cjg signal (Fig. 7 c). After further optimization 
(Fig. 7d) the striking spectrum (Fig. 8) was finally obtained. 
C70 is also prominent! 



themselves up into closed cages, thus eliminating the 
dangUng edge bonds and making the cage unreactive. This 
idea had instant appeal for all. For me this concept brought 
back vivid memories of Buckminster Fuller s geodesic dome 
at EXPO '67 in Montreal (Figs. 9 and 10). I had actually 
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Fig. 8. TOF mass spectrum of carbon clusters under the optimum conditions 
for the observation of a dominant C^o signal. 



The Structure of C^qC?) 

What on earth could C6o(?) be? In the days following our 
discovery of Cgo (Fig- 6), the signal began gradually to dom- 
inate our results as well as our thoughts and conversa- 
tion. The quest for a structure which could account for this 
precocious wadge of carbon led to numerous, synergistic 
[Editorial comment: R. Buckminster Fuller's architectural 
constructions were based on a vectoral geometry which he 
called energetic — synergetic geometry. This was founded on 
a natural philosophy, according to which nature constructs 
systems of forces such that the maximal strength can be 
obtained from the minimum efTort in construction.] discus- 
sions among all five members of the team during those days. 
The deliberations were pariiculariy intense on Monday, Sep- 
tember 9th. As this day wore on and all the ideas which had 
surfaced during the period were assessed and reassessed, a 
consensus grew that C^o might be some sort of spheroid. One 
possibility we considered was that the laser had blasted 
flakes of hexagonal carbon from the graphite surface, and 
that these hot graphite-like networks had somehow wrapped 



Fig. 9. Photograph (by Michel Proulx) of the geodesic dome designed by Buck- 
minster Fuller for the U.S. exhibit at EXPO '67 in Montreal (taken from 
Graphis 1%7, 132 379). One of the pentagons necessary for closure is discem- 
able in this photograph. 



been inside this remarkable structure at that time and re- 
membered pushing my small son in his pram along the ramps 
and up the escalators, high up among the exhibition stands 
and close to the delicate network of struts from which the 
edifice was primarily constructed. This experience had left an 
image in my mind which could never be erased. I had collect- 
ed numerous photographs of the dome from magazines over 




Fig. 10. Photograph (by Robin Whyman) of the inside of the EXPO '67 dome 
in Montreal. One of the pentagons necessary for closure is clearly visible in the 
middle section, as is the way in which the strut lengths have been adjusted to 
achieve a smooth round shape. 
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Fig. U The two cardboard polyhedra which played key roles in our search for the structure of Ceo (sec text). Left) stardome map of the sky (Buckminster Fuller 
patented i-icosahedral and other polyhedral world-map projections); right) Smalley's model with 60 vertices and 12 pentagonal and 20 hexagonal faces. 



the years from Life, Paris Match, and Graphis. Particularly 
striking were those in my favorite graphic art and design 
magazine, Graphis, to which I had subscribed since my uni- 
versity days. As I remembered it, the Graphis pictures 
(Fig. 9) showed that the dome consisted of a plethora of 
hexagonally interconnected struts. Indeed, the dome had ac- 
tually initiated my interest in some of Buckminster Fuller's 
other projects; I had even been in the process of writing to 
him with a view to working with him on the organized 
growth of massive urban structures. However, I did not pur- 
sue this, because I was offered a permanent academic posi- 
tion at Sussex at just that time. 

As far as C^o was concerned, I wondered whether Buck- 
minster Fuller's domes might provide some clue. Smalley 
also strongly favored some sort of spheroidal structure and 
suggested that we borrow a book from the Rice University 
library. We obtained a book by Marks'^^^ in which geodesic 
domes of all kinds were described. In addition I had one or 
two other structural proposals which intrigued me: One was 
a four-deck model 6:24:24:6 (two coronene-like sheets 
sandwiched between two benzenoid ones) with a roughly 
spheroidal shape. It contained 60 atoms, and its symmetry 
suggested that the dangling bonds might be somewhat deac- 
tivated. However, I really could see no reason why this spe- 
cies would be as unreactive as C^o appeared to be; a closed- 
cage solution would certainly be more stable. A second 
image came to mind several times, most vividly on this par- 
ticular Monday. This was of a polyhedral cardboard star- 
dome (Fig. 1 1 left) which I had constructed many years be- 
fore when my children were young. This map of the stars in 
the sky was tucked away in a cardboard box (that universal 
quantum of storage) downstairs in my home far away in 
England. I itched to get my hands on it and even described 
its features to Curi at lunch time. I remembered cutting out 
not only hexagons but also pentagons. I wondered whether 
I should telephone my wife to ask her to count the vertices 
in order to ascertain whether, as I half-suspected, they to- 
taled sixty. 



The Mexican Restaurant 

I was due to return to the UK the next day, so that evening 
(Monday, September 9th) I thought we should celebrate our 
extraordinary discovery. I invited the group out to dinner at 
what had become our favorite Mexican restaurant. During 
the meal the conversation was naturally dominated by 
CeoC?)- We again considered all the ideas which had come up 
in our deliberations during the days that had passed since the 
signal had first been noticed. We agreed unanimously on a 
closed cage structure. We talked about Buckminster Fuller's 
domes, Smalley, about chicken-wire cages, and I reiterated 
the essentials of the stardome — its spheroidal shape, hexago- 
nal faces, and, in particular, the pentagonal faces. Smalley 
expressed an interest. After the meal other members of the 
group went home; I returned to the laboratory in order to 
study the Marks' book on Buckminster Fuller, but I could 
not find it. I again considered telephoning home about the 
number of vertices in the stardome. But it was now far too 
late since it was well after midnight in the UK. 

Very early the next morning Curl telephoned to say that 
Smalley had experimented with paper models based on the 
stardome characteristics I had mentioned the previous day. 
Smalley had come up with something bigger than anything 
he (Curl) had ever been involved with before. When I got to 
the laboratory and saw the paper model (Fig. 1 1 right) which 
Smalley had constructed during the night I was ecstatic and 
overtaken by its beauty. It seemed identical to the stardome 
as I remembered it, and I was quietly pleased that my conjec- 
ture had been right all along. Heath and his wife Carmen had 
also experimented with a geodesic structure modeled out of 
jelly beans and toothpicks; it was not quite so convincing.^^^^ 
In summary, the quest for a rational explanation of the 
dominant line in the mass spectrum had reached a climax on 
Monday, September 9th. Ideas were suggested, refined, or 
critized in earnest throughout that final day. Buckminster 
Fuller's domes were invoked, Marks' book was consulted, 
and the stardome's pentagonal faces introduced at midday 
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and again in the evening; Smailey and the Heaths expen- 
mented further with models during the night after our meal. 
All this took place in a matter of hours, leaving no time for 
anything important— other than perhaps Marks' book— to 
"slip through the cracks'\^^^^ It was most satisfying that 
synergistic (a Fullerism) teamwork had been involved in the 
experimental observation as well as in the positing of the 
structure. 

I delayed my flight home for one extra day (until Wednes- 
day, September 11th) in order to help to write the publica- 
tion. At one point Heath was silting at Smalley's desk when 
the telephone rang. A mathematician, whom Smalley had 
consulted earlier to ask about the structure, informed Heath, 
"Tell Rick— it's a soccerbail!" Almost unbelievably, until 
that moment, none of us had realized that the C^o structure 
we were proposing had the same symmetry as the modem 
soccer.(USA) or football (rest of the world). I do not know 
how I could have been so blind— my only (feeble) excuse was 
that the modern football was introduced after I ended my 
serious soccer-playing days. The other members of the team 
could be excused, since a structure related to the American 
football really was an unlikely contender, at least at that 
stage. We immediately purchased a real football and our 
five-a-side team posed for a photograph (Fig. 12). I also 




engendered the occasional mild criticism^^^^ which was dis- 
patched with a little help from Shakespeare.^^^J Now that 
some time has passed, it is satisfying to note how instructive 
(about geodesy) others have found the name and how flex- 
ible it has turned out to be. The whole family of closed cages 
can be appropriately named— fullerenes.^***' The paper'* 
was dispatched by Federal Express to the journal Nature on 
the afternoon of Wednesday, September 11th, 1985. 

Five Long Years in the Desert 

The ten-hour nonstop flight home to England was a phys- 
ical and psychological high for me. My first action upon 
entering the house was to open the cardboard box and take 
out the stardome which had influenced my deliberations dur- 
ing the search for the structure of Qo- It had always looked 
beautiful; now it positively glowed. When the news of our 
result spread, Martyn Poliakoff at Nottingham wrote that 
his friend, David Jones, had already thought of hollow car- 
bon cages. In 1966 Jones had written a dehghtful article 
under the pseudonym Daedalus in the journal New Scien- 
tisti^2.^3] j^^^ suggested that the high-tempera- 

ture process in the production of graphite might be modified 
to generate graphite balloons. This was a typical example of 
the presciently "crazy" ideas of Jones. I thus learned about 
the Euler principle, which says that 12 pentagons are needed 
to close a network and that hexagons alone just will not do. 
I was introduced to D'Arcy Thompson's elegant book'**' 
and learned that one could close an even-numbered carbon 
cage with any number of hexagons (except one, I subse- 
quently learned) provided 12 pentagons were included in the 
network. The beautiful Aulonia (Fig. 13 photograph from 
Tibor Tarnai) already knew more than we about these simple 
(pentagonal) facets of (its) life. This was all fun and truly 



Fig. 12. The five-a-sidc Rice/Sussex football team (from left): O'Brien Smal- 
ley. Curl. Kroto, and Heath. 



photographed Smaile/s paper ball (Fig. 1 1 right), but when 
I queried the whereabouts of the Heath model in order to 
photograph it for posterity, I was informed that it no longer 
existed because Mary-Joe (another Rice graduate student) 
had eaten it. So all tangible record of a truly remarkable 
edifice was lost for all time. 

Since the geodesic dome concepts had played such an im- 
portant part in helping us to arrive at the solution (at least as 
far as [ was concerned), I suggested that we name the com- 
pound buckminsterfullerene. Smalley and Curl fortunately 
agreed, accepting that though the name was long, it did 
indeed roll smoothly off the tongue. Thus we avoided the 
fearful international conflict over terminology which would 
have raged had we named it after a certain well-known ball 
game. Smalley could not resist putting some alternative sug- 
gestions for names at the end of the publication. The name 




Fig. 13. A siliceous sea creature. Au/onia hexagona, appears at first glance to 
possess a skeleton composed completely of hexagons. Pentagonal structural 
elements are discernable, however {photograph supplied by Tibor Tarnai) 



fascinating, because it became clear that there might even be 
other (even-numbered) carbon cages— there were certainly 
other (even-numbered) peaks (Fig. 6), in particular C.o- 
O'Brien and Smalley reached the same conclusions indepen- 
dently. Particularly important were a series of reactivity ex- 
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pertinents carried out by O^Brien, which ^^Ped that all the 
even-numbered carbon species were totally unreactive, a re- 
suit neatly commensurate with closed structures for all the 
even-numbered cages.^'^^^ 

I met David Jones, a most fascinating individual, who 
epitomizes so much of what the spirit of science should be 
about. We also learned that Osawa and Yoshida had already 
. thought of Cfto in 1970 and had even suggested that it might 
be superaromatic.^^***^' In 1973 Bochvar and Gaipern^^^^ 
also published a theoretical paper on the molecule. Thus it 
"transpired that although there were some most imaginative 
scientists around, few — other than Orville Chapman at the 
University of California at Los Angeles (UCLA)^"^^' — had 
noticed these pioneering flights of imagination. 



Circumstantial Evidence for the Identity 
of the "Third Man" 

The first question stimulated by the realization that we 
might have found a *'third form of carbon" with a hollow, 
cage structure was obvious: is it possible to trap an atom 
inside the cage? My early Sheffield background led me to 
wonder whether iron might form an intriguing ferrocene-like 
analogue. The day I left. Heath tried to encapsulate iron 
without success, but the next day he succeeded in detecting 
a stable C^oLa complex.'^**' This experiment provided the 
first convincing piece of evidence to support our proposal of 
the cage structure. Then began what was to become a truly 
exhausting schedule for me: Every four to six weeks I fiew to 
Houston, and after two to three weeks' work with the group 
at Rice I returned to the UK and my commitments in Sussex. 
As soon as I arrived in Houston I would present a group 
seminar based on ideas which I had developed while in the 
UK. This schedule continued until April 1987. From the 
outset the joint Rice/Sussex follow-up program had two 
clear objectives. First, to make enough C^o to prove beyond 
doubt that our structure was correct and second, to measure 
the optical spectrum of C^q which we had surmised might in 
some way be responsible for the Diffuse Interstellar 
Bands.^*^' These astronomical features had of course been 
partly responsible for the carbon-cluster experiment in the 
first place. These goals were all-consuming and we often 
talked about ''the little yellow (Smalley's guess) or pink (my 
guess) vial" of C^q, 

During the late 70s and early 80s I felt that it was simply 
not enough just to detect the carbon chains; the source must 
be tracked down. This obsession with the source led ulti- 
mately to the discovery of C^q. After 1985 I developed a 
similar attitude to C^o- Our discovery of a species which 
probably had a truncated icosahedral structure was ''not 
enough", and as months and then years passed, confirma- 
tion of the structure and its identification in space also be- 
came somewhat of an obsession. We (the Rice group and 
myself) were convinced from the outset that our proposed 
structure was correct; surely it was too beautiful and perfect 
to be wrong. However, if for once aesthetics were misleading 
us, it would be much better if we proved our model wrong 
ourselves. It is certainly fair to say that the proposed struc- 
ture was greeted with scepticism by some, though many 
loved Cfto and were convinced that we were right from the 



start. During this period (15^^1990) I examined the prob- 
lem independently at Sussex, as well as in collaboration with 
the Rice group, who also made independent studies. In time 
all these efforts resulted in a mass of convincing evidence in 
support of our proposal. 

From the moment we discovered that C^q stable I had 
one all-consuming dream: I wanted so solve the molecule's 
structure by NMR spectroscopy. Because all 60 carbon 
atoms in buckminsterfullerene are equivalent, the ^^C NMR 
spectrum should consist of a single line. Proof of our radical 
proposal in such an exquisitely simple manner was to remain 
elusive for some five years; this goal was almost like a holy 
grail — far, far beyond reach. I was quite convinced that a 
clever young organic chemist would accomplish this task. I 
had one consoling thought, namely that we had been rather 
successful in the past with a series of molecules whose iden- 
tifications were based on spectra consisting of single lines: 
Phosphaethene, CH2 = PH (the first phosphaalkene made) 
had been assigned by its 7 = 1 — 0 microwave line**''*^ and 
HC5N and also HC^N had both been originally single radio- 
line detections in space. Then there was, of course, the 
720 amu peak in the mass spectrum of C^o-^*** How fitting 
it would be to round it all off by proving by another single line 
that C^o was buckminsterfullerene. 



C70 and the FuUerene Family 

It is fair to say that I (and perhaps also my colleagues at 
Rice University) occasionally woke up in the middle of the 
night and wondered whether I should have to commit suicide 
if our idea turned out to be wrong. Had we stuck our necks 
out too far? These thoughts only lasted seconds. I would 
reassess all the evidence, realize that everything fitted, and go 
back to sleep convinced more than ever that C^q had to be a 
geodesic cage. Time pased, we made several advances,^^^' 
and each time the cage concept clarified our observations. 
That was important. I remembered hearing Richard Feyn- 
man on BBC radio say that it seemed to him that if a radical 
new theory were right, it would allow the solution of previ- 
ously unsolved puzzles. I quantified this: If an idea fitted 
80-90% of the observations, it was almost certainly right; if 
more than 10-20% of the details had to be bent to fit, it was 
almost certainly wrong. Buckminsterfullerene was well up in 
the first category. 

I remember vividly the day on which all my lingering 
doubts vanished. I was sitting at my desk thinking about the 
reasons why C^q might be stable. The missing piece of evi- 
dence in this personal jigsaw puzzle turned out to be so 
simple, it was almost child's play ; indeed it evolved from my 
playing with molecular models of various conceivable cages. 
The solution was related to the C^o signal which always 
popped up prominently when C^o was strong. I used to call 
the two species "the Lone Ranger and Tonto"'*' because 



(♦) The Lone Ranger und Tonto were a famous cowboy and Indian duo from 
the movies. As a child I saw ihem every week fighting crime in the Wild 
West. Bob Dylan immortalized them in the following blues text: 
Well the Lone Ranger and Tonto 
They are ridin' down the line 
Fixin' ev'rybody's troubles 
Ev'rybody's cept mine. 

Somebody must a toF 'em that 1 was doin" fine. 
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they were so inseparable and because C^o was always domi- 
nant (Figs. 6 and 8). As far as C^o was concerned, it seemed 
no accident that the modem soccerball with the same layout 
is one of the most, if not the most, resilient of constructs, able 
to survive h>eing kicked around the world (and perhaps 
around the galaxy). Maybe the football held a simple clue. 
When I looked carefully at a football, I was struck by the fact 
that all the (black) pentagons are isolated, whereas all the 
(white) hexagons are linked. It is known that unsaturated 
compounds composed of abutting pentagons (the pentalene 
configuration. Type II, Fig. 14), without substituents which 
, allow extended conjugation, tend to be unstable. Curiously, 
a compound with just such a structure appeared on the cover 
of Angewandte Chemie (July 1987) that very week. 

0 Q & ^ 

1 n m m 

Fig. 14. Isolated and abutting pentagons: I, isolated; II. fused pair (pentalene 
configuration); III, symmetrically fused triplet (triquinacene configuration); 
IV, directly fused quartet [53]. 

Since Euler's law requires 12 pentagons for closure, it was 
also clear that C^o was the smallest carbon cage for which all 
the pentagons could be isolated. O'Brien's reactivity experi- 
ments had convinced us that closure was possible, even prob- 
able, for all the even clusters. I conjectured that a pentagon 
isolation rule could be formulated to account for the stabili- 
ty is 3i. tjjgjj J began to wonder which was the next cage for 
which pentagon isolation was feasible. 

By playing with the models I saw immediately that it was 
not C^2y I added more atoms, try as I would, I could 

not find cage structures for €54, C^e, or C^s without abut- 
ting pentagons. We had already proposed a structure for 
C-jq}^^^ after Smalley had shown that by splitting C^o into 
two C30 hemispheres a ring of ten extra carbons could be 
neatly inserted, producing a most elegant, symmetric, egg- 
shaped structure (Fig. 1 5 right). Suddenly I realized that per- 
haps this C70 cage was the next structure after C^o which 
could close and which also had isolated pentagons (Fig. 1 5). 
This surprised me. Perhaps closure necessitated that 70 be 




Fig. 1 5. For species with less than 72 atoms these two structures are the only 
ones which can be constructed without abutting pentagons. Thus on the basis 
of the pentagon isolation principle and geodesic considerations C^o and C^o are 
predicted to be the first and second magic fullerenes. This result together with 
Figure 8 provided the simplest and strongest circumstantial evidence support- 
ing the closed-cage concept. 




the second magic number! We had stuck our necks out with 
the C^o hypothesis on the basis of a single peak in the mass 
spectrum, but it now seemed that the cage concept positively 
insisted that C70 cis well as Cgo are special.'^^^ That would be 
wonderful. A second solution which required both of these 
particular magic numbers was impossible to conceive, espe- 
cially since 70 would be an unusual number to be deduced as 
magic at all, let alone the second in order, I knew that nature 
would not be that perverse, and thus for first time my 
conviction that our structure was corrrect became absolute, 
and I never again doubted that one day we would be vindi- 
cated. Indeed in my opinion this result meant that we were 
home and dry. 

I was elated by this line of reasoning, but I really needed 
proof. I remembered that Tom Schmalz and his colleagues, 
Klein and Hite, in nearby Galveston had published some 
elegant graph-theoretical studies on the fullerenes. I contact- 
ed him and asked him what he thought about my idea. I was 
amazed and delighted when he told me that they had been 
looking at this same problem and had proven that cages 
composed of 62, 64, 66, and 68 atoms cannot be constructed 
without abutting pentgagons,^^*^ So it was true ! I told him 
that I wondered whether the semimagic C50 might be the 
smallest cage able to avoid abutting triplets of pentagons 
(Typein, Fig. 14, Lit.^"'). Schmalz etal. subsequently 
showed this also to be correct. One Sunday afternoon, 
sitting in front of the molecular models strewn ail over our 
coffee table at home, I decided to investigate other semimag- 
ic numbers. I wondered about C32 which had been shown by 
the group at Rice University to be the first cage relatively 
stable towards photolysis. I toyed with the idea that it might 
be the smallest cage able to avoid fused quartets of pen- 
tagons (Type rV, Fig. 14). I tried to make the smallest model 
containing such a structure, and as I counted up the atoms 
I suddenly realized, that it was not C32 but a delightfully 
symmetric Cjs cage (Fig. 16). I became excited because I 




Fig. 16. Molecular model of Cj,, one of several fullerenes (with 24, 28, 32, 50, 
and 70 atoms) predicted to be stable on the basis of geodesic and chemical 
considerations [53] . These magic-number predictions fitted almost perfectly the 
observations made under certain clustering conditions [51. 55] (see Fig. 17). 

knew, that during the Rice/Sussex collaboration period we 
had occasionally obtained mass spectra in which Cjg was 
almost as dominant as Cgo- At this point it seemed that 
essentially all the magic numbers would fall into place if 
these clusters were all cages. In particular, I found that I 
could explain the fascinating spectrum (Fig. 17) published 
by the Exxon group. Here was all the proof I needed to 
convince myself that a whole family of cage molecules was 
sitting around waiting to be discovered. The first somewhat 
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Another most convincing study showed that when the en- 
capsulation of atoms of various sizes appeared to be success- 
ful, the smallest caged species detectable had diameters com- 
mensurate with the known sizes of the encapsulated atoms. 




20 40 60 80 n(C„) 

Fig. 17. The particularly interesting mass spectrum of C, clusters obtained by 
Cox et al. [55]. The correspondence with the magic fullerene sequence 24, 28. 
32. 50, 60, and 70 [53] was the most convincing evidence for the existence of the 
fuIlerene/am/7\' prior to the extraction breakthrough. The sharp cut-off at 24 is 
articularly convincing, since no C22 fullerene can exist. 

Stable member of the family appeared to be C24. This can be 
explained by the fact that C22 cannot exist (I am indebted to 
Patrick Fowler for pointing out this fact to me) and that C20 
is the smallest cage and as it has no hexagons at all, almost 
certainly the least stable. To some extent Cjg (Fig. 16) be- 
came my own personal favorite, because regardless of which 
of the four threefold axes one views this tetrahedral molecule 
along, it looks uncannily like Gomberg's famous free radi- 
cal, triphenyimethyl; this also just had to be right. I knew 
about Moses Gomberg's discovery from my favorite organic 
text (Fieser and Fieser^^^^ which Harry Heaney, my chem- 
istry teacher in school, had encouraged me to buy and read 
so long ago). It had always amused me to think that on 
attempting to make the rather mundane compound 
hexaphenylethane, Gomberg failed (miserably), produced 
the triphenyimethyl radical, and had to be consoled with 
becoming known as the father of free radical chemistry in- 
stead. This was the sort of ''failure" that really appealed to 
me. If C28 is relatively stable, then C28H4 should be a fairly 
stable hydrofullerene. This seemed not at all farfetched; after 
all, dodecahedrane which Paquette and co-workers first 
made'^^^ is basically the perhydrofuUerene of dodecahedrene 
(fullerene-20), the simplest and probably the least stable of 
all the fullerenes since it contains no hexagons. At this time 
I had a telephone conversation about nomenclature with 
Alex Nickon in which we came to the conclusion that the 
name 'Tullerenes" would work well for the family of carbon 
cages.^*°' I gained much satisfaction from the refined con- 
cept which was even more appropriate, because Buckminster 
Fuller had patented constructs of all shapes and sized based 
on the 5/6 ring principle;^^®' some were very similar to the 
elongated framework of C-,0. Nickon was just finishing his 
entertaining book with Silversmith on the origins of the 
trivial names of compounds.^'^**^ 

In Houston a particulariy important series of experiments 
was carried out by Curl, Smalley, and their co-workers 
which offered further overwhelming evidence for closed 
cages.^"^ One of these was a photofragmentaiion experiment 
which provided even-numbered products. Curl had worked 
out a neat way of explaining how the cages might "spit out" 
even-numbered (2, 4, 6, ...) carbon chains and then reseal. 



C50 and Soot 

During one of my eight visits to Rice University between 
August 1985 and April 1987 we considered carefully the 
reactivity results and developed a hypothetical mechanism 
for the formation of Cgo-'*^^ Heath, O'Brien, and I spent 
hours in the library digging through an excellent selection of 
books and journals on carbon. The final version of the mech- 
anism grew out of intense synergistic group discussion. It 
was also clear that the mechanism might explain soot forma- 
tion as well. After all in a review on soot, Harris and Wein- 
er^^^^ had pointed out the complete absence of knowledge of 
the chemistry involved in soot formation. Thus a fresh idea 
probably would be welcome. Our mechanism implied C^q 
should be a by-product of soot formation. Curl was appre- 
hensive about introducing the word soot, especially in the 
title. How prescient were his worries! However, Smalley and 
I decided to throw caution to the wind — after all, when you 
have gone as far as you can go (in postulating C^o formation 
in a chaotic plasma), you might as well go further. Our paper 
met with some criticism. To our delight, however, in 1987 
we heard that Klaus Homann's group in Darmstadt discov- 
ered that C^o was a dominant ion in a sooting flame.'^*' 
(Note: Very recently, a careful study by Howard's group at 
the Massachusetts'Institute of Technology has shown that 
up to 7% of the soot from a benzene flame consists of 
fullerenes.'*^^) 

The Giant Fullerenes 

One day I decided to spend £300 on ten-thousand sp^ 
carbon atoms (molecular models!) The odd eyebrow was 
raised at Sussex when I said that I was buying them just 
because I wanted to see what giant fullerenes such as Ceooo 
(with a diameter ten times that of C^q) looked like. Ken 
McKay (a graduate student) obtained Coxeter's book'^^' 
and Goldberg's paper and set to work. When he came 
into my room with models of C240 and C540 (Fig. 18), I was 
delighted but perplexed — they were beautiful, but not at all 
what I had expected. C540, in particular, was not round like 
Buckminster Fuller's domes, but in fact much more interest- 
ing: It was essentially a monosurface which swept between 
cusps in the vicinity of the pentagons; it had icosahedral 
symmetry, but was not an icosahedron.^*^' Then we realized 
that its shape might explain the polyhedral patterns in 
graphite microparticle electron microscope pictures pub- 
lished by lijima (Fig. 19).'^*^ The structure of these mi- 
croparticles could be nicely explained as concentric shells of 
graphitic carbon in which the shells had giant fullerene 
shapes. Few of our discoveries have delighted me more than 
these objects, partly because they are so elegant, but also 
because the exercise, which was started purely for fun and 
with no serious aim, had yielded such an apparently impor- 
tant result. It was also an object lesson, since I had assumed 
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Fig. 18. Molecular models of the giant fullerenes €2^0 Heft) and Cj^o (right). 
The models possess icosahedral shapes rather than perfectly spheroidal ones 
similar to the geodesic domes. Each of these structures can be considered as an 
initially flat hexagonal network which has warped into a closed monosurface 
(of icosahedral symmetry) by 12 pentagonal disclinations giving rise to the 
cusps. 



British Gas in the form of Collaborative Award in Science 
and Engineering (CASE) studentship for combustion-relat- 
ed studies. It was this assistance which was ultimately our 
salvation (vide infra). In a third project conducted with Ken 
McKay, we probed (by electron microscopy) the films pro- 
duced by a carbon arc under helium in an old bell jar evap- 
orator. We found that the film microstructure changed as the 
helium pressure was increased (to ca. 50 mmHg). The 
quadrupole mass spectrometer, with which I sought to moni- 
tor whether C^o was produced in this experiment, was the 
integral part of a modest carbon materials research project 
which failed to attract support from any funding source (in- 
cluding chemical companies). Because Stace and I had been 
quite generously funded by the SERC solely for the cluster- 
beam studies, another application (and indeed a rather ap- 
plied one) to that source was difficult. Time shpped by and 
this program faltered even though I had put a great deal of 
effort into trying to obtain financial support. 



that the giant fullerenes would be spherical like Buckminster 
Fuller's domes and had not looked carefully at lijima's im- 
ages. Even the most spheroidal giant fullerene (Fig. 19 a) was 
clearly polyhedral (Fig. 19 b). To see what one wants to see 




Fig. 19. The image obtained by electron microscopy of an onionlike graphite 
microparticle observed by lijima [66] which appears superficially to be 
spheroidal (a). Careful scrutiny of this image, however, indicates that the object 
has a polygonal outline consistent with a set of concentric quasi -icosahedral 
fullerene-like shells (b) [65]. The marker indicates a scale of 20 A. 



rather than what is, is a cardinal sin for a scientist and the 
temptation is to be resisted at all costs. 



The Quest for C 



60 



Until late 1989 the evidence in support of our structure 
proposal was, to my mind, very convincing, but it could not 
be deemed anything other than circumstantial. Clearly a 
macroscopic sample of C^q was needed — not just a whisper 
in a supersonic helium wind, detectable only by that ultra- 
sensitive sensor, the mass spectrometer. At Sussex we sought 
more tangible evidence. The Science and Engineering Re- 
search Council (SERC) funded the construction of a cluster- 
beam apparatus, which was assembled with Tony Stace; 
Steve Wood helped us to obtain financial support from 



The First Paper by Kratschmer, Fostiropoulos, 
and Huffman 

In September 1989 Michael Jura (UCLA Astronomy De- 
partment) sent me a copy of a thought-provoking paper^^'^' 
(Fig. 20) presented by Kratschmer, Fostiropoulos, and 
Huffman at a symposium on interstellar dust. This research 
group from Heidelberg and Tucson had observed four weak 
but distinct infrared absorptions in a film of arc-processed 
graphite, which were tantalizingly consistent with the expect- 
ed spectrum of buckminsterfullerene. From theoretical stud- 
ies'*^' it was known that C^o should exhibit only four lines. 
What was more, the observed frequencies agreed quite well 
with those predicted. I had long followed the work of this 
group and knew that they had developed great expertise in 
studying carbon by spectroscopy. We had occasionally tried 
related studies, and I was only too aware of how tricky they 
were. I was sceptical about their result and also rather cha- 



SEARC H FOR THE UV AND IR SPECTRA OF C* a IN LABORATORY-PRODUCE D 

CARBON DUST 
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Carbon dust samples vere prepared by evaporating graphite in an 
atmosphere of an inert Quenching gas (Ar or Hef. Chanaes of the 
spectral features of the carbon dust were observed when the 
pressure of the quenching gas was increased. At low pressures 
(order 10 torr) , the spectra show the familiar broad continua. A 
high pressures (order 100 torr} , narrow lines in the IR and two 
broad features in the UV emerge. The four strongest IR features 
are located in the vicinity of the lines predicted for the C#o 
molecule. One of the observed UV features may be related to the 
known 368 nm transition of C*a . It thus appears that at high 
auenching gas pressures C<« is produced along with the carbon 
dust. 

Fig. 20. Annotated copy of the key paper presented by Kratschmer. Fostiro- 
poulos. and HufTman at the conference Dusty Objects in the Universe in Capri 
(1989) [67]. This paper with the appended query was sent to me by Michael Jura 
(UCLA) who attended this conference. 
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gnnea. lor naa not Ken McKay IB^l made sooi in a bell jar 
in exactly the same way three years before during the project, 
which we were forced to abandon through lack of funds? 

I decided to resurrect the old and decrepit bell jar and with 
Jonathan Hare (holder of the British Gas CASE graduate 
studentship) tried to reproduce the infrared features ob- 
tained by Kratschmer et al. Michael Jura's missive arrived 
around September 1989, just before the start of the Sussex 
academic year, a time when third year undergraduate 
projects are needed. It does not matter whether these projects 
yield results; they should imbue the student with the flavor 
and excitement of genuine research, that is. the experience of 
working in the dark, not — as all too often happens — the 
frantic scramble for results at all costs! I had often initiated 
the most speculative of projects in this way, and my experi- 
ence had shown time and time again that important and 
exciting studies could often start from such inauspicious be- 
ginnings. It seemed perfect for Amit Sarkaf s third-year pro- 
ject, and he joined Hare on this wildly speculative project. 
Fairly soon these students succeeded in obtaining the IR 
bands (Fig. 21), which, although always very weak and high- 
ly irreproducible, confirmed the observations of the group 
from Heidelberg and Tucson. The obsolete apparatus then 
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Fig. 21. Infrared spectrum of a film of arc-processed carbon obtained by Hare 
and Sarkar at Sussex which shows weak but clear (and confirmatory) evidence 
that the features first observed by Kratschmer et al. [67] (see Fig. 20) and tenta- 
tively assigned to Cgo were real and repea table. 



promptly fell to pieces! After rebuilding it almost completely 
from scratch, Hare tried to repeat the earlier observations, 
but consistent results eluded him. Sometimes he obtained the 
characteristic spectral features, sometimes they disappeared 
for days or weeks at a time. In retrospect, I suspect that the 
original discovery of the IR features by Kratschmer et al. 
could have been made by few other groups. Hare carefully 
varied every experimental parameter he could think of and 
finally developed the expertise to produce films which exhib- 
ited the telltale infrared features consistently. He wrote to 
Kratschmer about his efforts and received an encouraging 
reply containing useful advice. This certainly helped, because 
it was quite difficult to make films amenable to analysis. 
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I spent about one month in the UCLA Astronomy De- 
partment around Easter 1990. One day, Mark Morris 
brought Fran<?ois Diederich from the Chemistry Depart- 
ment to see me. Diederich appeared excited and exhorted me 
to come to his office because he had something to show me. 
In response to his manner I somewhat disdainfully quipped. 
"You've not made C^q?" When he replied, "How do you 
know?'\ I was startled and suddenly became apprehensive 
since there was genuine surprise in his voice. When we ar- 
rived at his office he showed me an astonishing mass spec- 
trum. In their attempts to make a pure carbon ring of 
30 atoms Diederich, Rubin, Whetton, and their co-workers, 
had found that the molecule spontaneously dimerized to 
form C^o with almost unbelievable efficiency. '^^^ This stag- 
gering result seemed to answer, almost at a stroke, many 
puzzling questions that had been on my mind for years about 
carbon chains, their relationship with C^q, and soot. But I 
became even more apprehensive when I comprehended that 
the UCLA group might be on the verge of obtaining the 
coveted C^q NMR line. Subsequent discussions with David 
Walton, with whom I had probed aspects of the C^q forma- 
tion mechanism,^^*'^ alleviated my worries; he convinced me 
that scaling up the UCLA experiment so as to produce suffi- 
cient C^o for the key NMR measurement presented an anor- 
mous challenge. 



Mass Spectrometry 

I returned to Sussex and by early summer 1 990 started to 
believe for the first time that C^q really might be in our sooty 
deposit. We therefore decided to probe the material by solid- 
state magic-angle-spinning (MAS) NMR. Indeed Ken Sed- 
don (a Sussex colleague) had encouraged me to do this some 
years before. Perhaps the single *^C NMR line was close at 
hand in the black soot, which at least we could now touch. 
I considered buying the most isotopically pure * graphite, 
but that would have been very expensive, and we had no 
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Fig. 22. Part of the FAB mass spectrum of a deposit of arc- processed soot 
obtained by Abdul-Sada on July 23rd. 1990 at Sussex. The calibration was ofT 
by 2 amu: however, the isotope pattern was convincing since the peaks are close 
to the intensity ratio 1.0/0.66/0.44 expected for '^C^o/'^CjV'^Cjfl '^Cj. 
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money anyway. The problem of generating enough material 
for solid-state NMR from the scrapings of thin sooty films, 
seemed insurmountable, especially since it was so difficult to 
produce the films in the first place, let alone analyze them. 
We really needed another way to monitor the samples, so we 
tried Fast Atom Bombardment (FAB) mass spectrometry. 
Ala'a Abdul-Sada helped us, and finally we obtained the 
mass spectrum shown in Figure 22. The signal containing the 
^•*C satellites was really quite convincing, but I wanted the 
result confirmed. The entry in Jonathan Hare's laboratory 
notebook on July 26th, 1990 (Fig. 23 top, second sentence) 
epitomizes many of our problems and requires little further 
comment. 

The Red Solution 



ers) how much C^o was being made in our experiments. 
The rough proportion which always seemed to arise was 
< 1/10000 of the total amount of carbon. At this level, given 
the amount of soot available, only a supreme optimist would 
attempt solvent extraction. Fortunately Hare is one — per- 
haps partly because he is a physicist working among 
chemists. On Friday, August 3rd Hare made up a mixture of 
the soot and benzene in a small vial, which he set aside over 
the weekend (Fig. 23, second entry). When he came in on 
Monday morning (August 6th) he noted (Fig. 23, third en- 
try) that the solution looked "sHghtly red(d)ish" (Fig. 24). 
The generation of a red solution from pure carbon was 
scarcely believable. Hare made more material during the 
next few days and attempted mass spectrometric measure- 
ments on extracted material for the first time on Thursday, 
August 9th (Fig. 23, fourth entry). 




During this period we had considered the properties of 
Cfto- What form would the compound take? Would it be a 
high-melting solid or a hquid? Would it be soluble? Benzene 
was an obvious solvent, since C^o should look like benzene 
from every side (or at least from 20 sides). I remembered the 
little pink (or yellow) vial of liquid we used to talk about and 
wondered if the compound might even be volatile. In addi- 
tion I had often discussed (with Smalley, Rohlfing. and oth- 
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Fig. 23. Entries by Hare in his laboratory notebook: July 26th. 1990; 
August 3rd, 1990; August 6th. 1990; August 9th, 1990. 
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Fig. 24. Original reddish extract obtained on Monday, September 6th. 1990 
(see Fig. 23). 



About 10 o'clock the next morning (Friday, August 10th) 
I received a telephone request from the journal Nature to 
referee a paper by the Heidelberg/Tucson group which I 
accepted. I was totally unprepared for the bombshell which 
arrived minutes later by telefax. Following up their own 
earlier work, Kratschmer, Lamb, Fostiropoulos, and Huff- 
man had successfully sublimed from their carbon deposit a 
volatile brown material, which dissolved in benzene to give 
a RED SOLUTION (!!!!!).t''*J Crystals obtained from this 
solution yielded X-ray and electron-diffraction data com- 
mensurate with material composed of arrays of spheroidal 
molecules 7 A in diameter separated by 3 A, just as expected 
for buckminsterfullerene. This beautiful paper even con- 
tained photographs of crystals. I was convinced that they 
had isolated C^q, and we had been pipped at the post. Some- 
what stunned, I pondered our demise and faxed my report 
back to Nature after lunch. I recommended that the paper be 
published without delay and requested the editor to convey 
my sincere congratulations to Kratschmer and his asso- 
ciates. 

This was what the British call a difficult moment, but as I 
slowly surveyed the damage I realized that all was not quite 
lost. It gradually dawned on me that there was not a single(!) 
NMR line to be seen in the manuscript (nor was there a mass 
spectrum. We later learned that they had the mass spectrum, 
but certain problems had arisen which precluded its inclu- 
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sion in the manuscript.) At this point we had spent nearly a 
year struggling independently learning how to make the arc- 
processed material; we had made our own soot, we had 
confirmed the presence of C^q mass spectrometrically, and 
we had solvent-extracted the red materal— and all this before 
the manuscript arrived. I decided that we were not going to 
abandon our efforts now after we had achieved all this. We 
still had a lot going for us, and I thought we might be able 
to obtain the desired NMR result. However, now that the 
Heidelberg/Tucson study was essentially in the public do- 
main it would be transmitted around the world by telefax 
within hours. I had studiously tried to avoid such situations 
in science— competition— all my life; my philosophy is to 
probe areas in which few others, preferably no one. work. 
That is where, it seems to me, the most unexpected discover- 
ies are likely to be made. 

We had to act very quickly if five years of effort were not 
to be completely in vain. A race must be on because the 
material was now so easy to make, and it could not be long 
before other groups, far better equipped than we. recognized 
that there was one last exquisite prize remaining in the story 
of the discovery of Qo— the NMR hne. Our one priceless 
advantage was that Hare had already made a reasonable 
quantity of material, and that, at that moment, only the 
Heidelberg/Tucson group had any at all. We needed help and 
fast. Roger Taylor, an organic chemist, provided the desper- 
ately needed expertise; he separated the material quickly and 
efficiently. Since our mass spectrometer had broken down 
again, Hare rushed by train to Manchester with a sample of 
the precious extract. Numerous frantic telephone calls 
passed between Sussex and Manchester, because the sample 
refused to respond to analysis. Then with a key piece of 
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Fig. 25. Part of the FAB mass spectrum of the red extract which confimied that 
it consisted mainly of Ceo and C-,^. The spectrum also indicates the presence of 
other fullerenes [72]. 



fullerenes with 56 to 72 atoms were detected; in particular, 
C-iQ was abundant. The whole family of fullerenes appeared 
to be present in the soot, not just C^o! 

Cfio is Magenta (Pink?) in Solution 

Taylor noted that the extract was soluble in hexane and 
recognized that he might be able to separate the fullerenes 
chromatographically. To his delight he found that on an 
alumina column resolution into two bands, one red, the oth- 
er magenta, could be achieved. The magenta fraction, 
(Fig. 26) was a delight to the eye in the deUcacy of its color. 




Fig. 26. Chromatographic separation of the red extract by Taylor resulted in a 
magenta C^o fraction (left) and a red Co fraction (right). 



Its mass spectrum showed a peak at 720 amu, and we sent 
the sample to Tony Avent for NMR analysis. We were sum- 
moned to see our single line (Fig. 27), which Avent assured 
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advice from Taylor about solubility, the Manchester opera- 
tors (at Kratos) managed to dissolve the material in the FAB 
matrix and obtained the FABulous mass spectrum shown in 
Figure 25, It was hard to believe, but besides C^n other 
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Fig. 27. The first NMR spectrum in which the Ceo resonance {at ^ = 143 ppm) 
was first identified (barely). The strong hne at ^ = 128 ppm is (rather appropri- 
ately) the resonance of benzene. 
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us was present. So this was it: a line so small I needed a 
microscope to see it! Could this insignificant little blip really 
be the line I had dreamed about for five years? Further work 
confirmed beautifully that this was the result which we had 
sought for so \ongP^^ The joy alleviated almost all the de- 
spair I had first felt on reading the paper by Kratschmer 
et al. One might have thought, as some said, that 1 should 
have been pleased to have been proven right when so many 
had been sceptical. That was not my feeling, probably be- 
cause I had known ever since the recognition of C70 as the 
second magic fullerene'^^' that our structure could not possi- 
bly be wrong. I know that my colleagues at Rice University 
also had no doubts. 

What about C^qI It turned out to be the icing on the cake, 
although not without attendent trauma. The wine-red frac- 
tion which had masked the pale magenta of C^o yielded a 
mass spectral peak at 840 amu and was clearly C-jq . Accord- 
ing to the expected structure (Fig. 15 right) this compound 
should exhibit a '^C NMR spectrum with five lines. On Sun- 
day, September 2nd, 1990 I entered the laboratory at the 
same time as Avent who told me the C70 measurement 
should have just been completed. The spectrum we plotted 
was sensational — or almost so. There were indeed five lines, 
but one was in the same position as the C^o peak. Could it 
be that one line was underneath the C^o signal? After repeat- 
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Fig. 28. ' NMR spectra obtained from chromaiographed samples of soluble 
material extracted from arc-processed graphite: a) spectrum of purified C^o 
(magenta fraction); b) mixed Qq/Cto sample; c) spectrum of purified C^o (red 
fraction) showing five lines as expected for the symmetric egg-shaped molecule 
(see Fig. 15). 




ed chromatography to remove the last vestiges of C^^. fur- 
ther NMR studies showed the fifth line to be rather different 
from the others. The resonance of the ten atoms in the waist 
(Fig. 28c) is more "benzenoid" than the other four reso- 
nances.'^^' Indeed this line lies dangerously close to the ben- 
zene solvent line; had it been a little closer to the benzene 
signal it would have been swamped and missed altogether. In 
many ways the five lines of C70 are (arguably) more impor- 
tant and significant than the C^q singlet. For one thing, they 
confirm that fullerene carbon atoms are not fluxional; for 
another, they show that the atoms are not on the perimeter 
of a monocyclic ring. Both of these cases would lead to a 
spectrum with a single resonance. Even more important was 
the fact that the NMR results confirmed the family concept 
for fullerene cages. It was now clear that a host of stable 
fullerenes were just waiting to be discovered, as we had long 
suspected.'^ 



"The Third Man" is as Elusive as Ever in Space 

The elusiveness of C^o and my belief that it has been lurk- 
ing in that blackest of black materials, soot, since time im- 
memorial often reminded me of the role played by Orson 
Welles in the film 'The Third Man". The spirit of this anti- 
hero pervades the whole movie although he is seldom seen. 
Indeed he makes his first appearance late on in the movie in 
the black shadows of a dark street in Vienna when his face 
is suddenly illuminated by a light being switched on. For five 
years C^o played a very similar shadowy role—at least as far 
as I was concerned. My part in the buckminsterfullerene 
story really started out in space, and this celestial sphere has 
come down to earth with more of a bounce than a bump; but 
will it bound back up into space? Is this third form of carbon 
distributed ubiquitously in space as we surmised the day we 
found it in the laboratory?'*^' Now that we know something 
about fuHerene-60, we should be able to study all its optical 
properties. It is clear that the UV radiation density in the 
optically observable interstellar medium is such that the spe- 
cies will be ionized,' The possible existence of encapsulat- 
ed complex ions'^^'^*' is quite interesting. However, even 
with buckminsterfullerene in our hands, we find that this 
"third man" is as elusive as he ever was in the space between 
the stars. Perhaps the interstellar form is related to protonat- 
ed carbon monoxide (HCO"^), which Bill Klemperer identi- 
fied about 20 years ago.'*^' If there are any C^o molecules in 
space there can be little doubt that most will have a proton 
or some other atom adhering to their surface.'^*' C^oH^ 
could probably survive for eons. Other abundant elements, 
particularly alkali and alkaline-earth metals, must also stick 
to the surface. Such species will have fascinating optical 
spectra. For instance, the energy and wavelength of the 
charge-transfer transition {C^q)X (Cgo)^"*^ can be estimat- 
ed to a first approximation as simply the difference between 
the ionization potentials of the separated species. For 
(C^oH)"" this transition lies at about 2200 A. For (C^oNa)"^ 
and (Cfto^^)^ the transitions lie in the region of the Diffuse 
Interstellar Bands^^*" and for (C^oMg)"^ near zero frequen- 
cy(!) These observations imply that this and related species 
will have unusual electrical properties. These processes are 
probably related to the recently observed superconductivity 
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of meiai-doped fullerene-60 maierials.'^^* This conjecture is 
supported by an important new result which comes not from 
work with bulk material but from cluster-beam studies by 
McElvaney and Cailahan.t^^^ They found that the gas-phase 
proton afilnity of Qo is similar to that of ammonia— a re- 
markable result! I like to put my trust in intuition; when all 
else fails it is, after aii, our only guide: It is curious to note 
that some important spectral features of space (the Diffuse 
Bands) have been visible for decades, yet we do not know 
what causes them. Now we have discovered that an unex- 
pected molecule, C^o^ has been under our noses on earth 
since time immemorial and was invisible until now. It seems 
to me highly likely that these two observations will turn out 
to be connected. 



Epilogue 

Since the time that graphite balloons and C^o were twin- 
kles in the eyes of David Jones, Eiji Osawa, and a few other 
imaginative scientists,^^^-*^- ^^-^^J there have been many sig- 
nificant contributions, both experimental and theoretical, to 
the first chapter of the buckminsterfullerene story which has 
just been completed. These have recently been comprehen- 
sively reviewed.f^^J Figure 12 shows the Rice/Sussex team 
and Figure 29, the Sussex Buckaneers, These two teams to- 
gether with the Heidelberg/Tucson team scored many of the 
goals in the football match which has just ended. Many new 
teams have now started to play an exciting, but different, ball 
game. The important difference is that the players can now 
see what they are kicking. 




Rg. 29. The Sussex Buckaneers football team. From left: Kroio, Abdul-Sada 
Taylor, Hare,- and Walton. 



Apart from the successful observation of the Mone" NMR 
line, two other matters give me a sense of deep pleasure: one 
was the beautiful color of C,o and, furthermore, that it was 
seen first at Sussex, The second was that apparently no one 
else appeared to have followed up the eariy IR results ob- 
tained by the group from Heidelberg and Tucson (September 
1989). In retrospect I find this astounding; perhaps it was 
because the work appeared in the astronomy literature, but 
more likely it was because research today is carried out under 



such pressure, and our fear of failure is so great (and exacer- 
bated by funding procedures). Few groups enjoy the luxury 
of working in the dark— a condition which I feel lies at the 
heart of true scientific endeavor. I have a videotape of a 
marvellous BBC documentary on Richard Feynman (the 
greatest lecturer I had ever heard) from the series "Horizon". 
In one part he talks on essentially this topic. This 50 minute 
program had the most profound effect on me. At one point 
Feynmann described how, when he was hired at Cornell, 
Bob Wilson had told him that it was the university's respon- 
sibility whether he accomplished anything— it was their 
risk(!) It was not for Feynman to worry about, he should 
amuse himself In this way he was freed from the psycholog- 
ical burden of doing anything *^important", and he was able 
to relax and do what he most enjoyed— physics and mathe- 
matics—just for the fun of it. How lucky he was. I know of 
few professional scientists today, certainly no young ones, 
who are in such a Utopian scientific environment. What a sad 
reflection on today's research, especially since we know in 
our hearts that human beings achieve most when they are 
free of pressure. We know that small children learn and dis- 
cover the joys of nature most efficiently during their play. 

News of the breakthroughs spread like wildfire during 
September 1990, and the method of production developed 
by the Heidelberg/Tucson group was immediately improved 
upon'"^^' at Rice University. As soon as it was known that 
fullerenes are chromatographically separable and that solu- 
tion NMR is feasible, other groups confirmed these mea- 
surements.'^^' Don Huffman remarked laconically at a 
recent symposium, "Everyone is able to repeat these experi- 
ments''. 

A new postbuckminsterfullerene worid of round organic 
chemistry and materials science has been discovered 
overnight. Almost every day a new paper appears on some 
novel aspect of fullerene behavior. The group from Rice 
University has shown that C^o ^oms species such as 
^60^36 -^^*' Hawkins et al. have made an osmium complex in 
which the spinning of the fullerene ball is stopped and has 
enabled accurate bond lengths to be determined,'^ NMR 
studies by Yannoni et al. have also yielded accurate bond 
lengths.'®^' The radical anion has been polymethylated by 
Olah's group;f^3' platinum complexes have been prepared at 
DuFont.'8^J At AT&T it has been found that the metal- 
doped material now holds the temperature record for molec- 
ular superconductivity.'^^! Fascinating differences in the 
crystal structure of C^q have been found which depend upon 
how the crystals are produced.'"' Foote and co-workers at 
UCLA have shown that C^q transfers light energy efficiently 
to generate singlet oxygen.'^ Diederich, Whetten, and co- 
workers have evidence for oxides such as C^qO.'®^^ C^o is 
decomposed by light under circumstances which still need to 
be fully identified.'^^^ Also interesting is the fact that more 
fullerenes, such as C^^ and Cg^, are being extracted and 
characterized.'^^' The fullerene family has arrived in force, 
and there are balls of all shapes and sizes for everyone to play 
with. 

This advance is an achievement of fundamental science, 
not applied science, and serves as a timely reminder that 
fundamental science can achieve results of importance for 
strategic and applied areas. The origin of the whole program 
lay in an interest in aspects of molecular dynamics, allied 
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with the quest for an understaSaSng of the origin of the 
carbon chains in space and their possible relationship to 
circumstellar and interstellar grains as well as soot These 
ideas welded together beautifully with the major advance in 
cluster science brought about by the experimental techniques 
developed by Smalley and co-workers at Rice University 
Kratschmer and Huffman and co-workers were originally 
motivated by an interest in space dust and. in their recent 
breakthrough, by astrophysical implications of C^o . The 
story has many facets, but more than anything else it is yet 
another archetypal lesson on the benefits to be gained by 
supporting pure fundamental science. The field has explod- 
ed, and Its applications in chemistry and the science of mate- 
nals are only just starting to be explored. Finally it is worth 
noting that C^o might have been detected 20-40 years ago, 
perhaps in a sooting Hame; one wonders why it took so long. 

Another lesson may be learned from these acknowledge- 
ments. Important contributions were made in research pro- 
grams at the University of Sussex (Brighton. UK) the Na- 
tional Research Council (Ottawa. Canada). Rice University 
(Houston. Texas. USA), the Max-Planck-Institui fur Kern- 
physik (Heidelberg. Germany) and the University of Arizona 
(Tucson. USA). The discovery ofC,, is a tribute to not'onlv 
the international nature of science but also the necessity of 
interdisciplinary cooperation. The contribution from the Uni- 
versity of Sussex to the story started as a consequence of the 
Chemistry by Thesis" degree course initiated bv Colin Ea- 
born, which enabled undergraduates (such as Anthony Alex- 
ander ) to carry out research with supervisors from more than 
onejield. It could only have been successful in the interdiscipli- 
nary scientific research and teaching environment which the 
university pioneered when Sussex was founded in the ■opti- 
mistic 60s -. Sadly this and other courses have been "regulat- 
ed out of existence by bureaucrats who have little understand- 
ing of how student research expertise is brought to maturity 
and no awareness of the dire consequences for our future scien- 
tijic capability. The first part the story could also not have been 
achieved had chemistry at Sussex been divided into those tradi- 
tional subsections of organic, inorganic, and physical chem- 
istry. I also had close contacts with astronomers at Sussex 
particularly Bill McCrea and Robert Smith. The carbon dis- 
coveries resulted from a free-wheeling research program which 
started with synthetic chemistry (with David Walton. Anthony 
Alexander, and Colin Kirby) and moved via spectroscopy and 
quantum mechanics to radioastronomy (with Takeshi Oka 
Lome Avery. Norm Broten. and John MacLeod at the NRC) 
It moved back to the laboratory and chemical physics (with 
Jim Heath. Sean O'Brien. Bob Curl, and Rick Smalley at Rice 
University). In the last phase, key advice came from Michael 
Jura (an astronomer) which initiated some basic chemistry 
(with Jonathan Hare. Amit Sarkar. Alaa Abdul Sada Roger 
Taylor and David Walton). Apart from those mentioned in the 
text who played direct (and sometimes crucial parts) such as 
Steve Wood of British Gas. I also acknowledge greatly the help 
oj many others who played indirect parts, particularly gradu- 
ate students and post-doctoral fellows as well as colleagues 
such as Tony Stace. Roger Suffolk, and Mike Lappert. Finally 
I wish to thank Ed Wassermanfor some invaluable advice and 
David Walton in particular for his unfailing help throughout 
the period of this story and his painstaking assistance in 
preparing this account. 
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Remnants of a planet that failed to form. 
Still no technological fix for oil spills. 
What made higher life- forms possible? 




Backyball, the third form of pure 
carbon, cages an atom in Its lattice. 
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Fullerenes 



These c^gelike molecules constitute the third form of pure 
carbon (the other two are diamond and graphite). Ceo* the 
archetype, is the roundest molecule that can possibly exist 

by Roben F. Curl and Richard E. Smalley 



In KUy of 1990 Wolfgang mtsch- 
XQcr <nd hU itudent KoiutAnOnos 
Fo«tlropouloi careful^ mixed a few 
dropt oX benzene with t specUIly pre- 
pared carbon toor. Th€ deir solvent 
turned red. 

Bcdttdly, the two worker* for the 
Max Planck Instltutt for NWeai Phy- 
skn In Hddelbers telephoned their ool- 
Uhorators. Don&ld HufEman &nd Low- 
ell Lunb of the UnKtrtlty of Arizona 
In Tucson, who quldcly repeftted the 
experiment. Thi cxdtement continued 
u the two sroupi conmninlcated dally 
by telephone and fax eychflnging mea- 
furementi of the material— Its infrared 
and ultrsvlolet spectra. Its X-ray diffrac- 
tion pattern and Ita maaa spectrograph 
Yes, the vahiea all matched thoie pre- 
dicted for the 60-ataEn carbon duaitr 
buctonhnterfuUgrene. 

Evan though some theorlsra had v 
gued that thl3 hcBow, aoccerbaB-ahaped 
xnolecule should be detectable In abun- 
dance in such evoyday ctrcumstincea 
at a candle flame, the German-Araexl- 
can team had actually found it* succeed- 
ing where all others had failed. They 
wo-e the first to observe this roundest 
of aB round molecules, and they knew 
that chemistry books and encyclopedias 
would never be quite the same. Now 
there %verc three known forma of pure 
carbon: the network aoUdi, dtaniohd 
and graphite, and a new clas* of dia- 
CTcte molecules— the fullerenea. 

When we heard of thli breakthrough 
a few months later in Texai, we cele- 



ROBERT F. Cimt and RICHARD B. 
SUALirrorRicf UidvcnltyhAvc rollab- 
anccd for the put scvva ycari in rr- 
KSTch on cirbod ind Mcokoaductor 
chutcri in »upcr»onlc beams. Curl Is a 
profcuar In, ind chairman Of. (be dt* 
panment of cbcmlitry. Smsllry if the 
Gene and Nonzuia Kadcennin Prof ewor 
of OnnUtry aiul a profusor of phyi- 
Ick Rn* the past fivt years, he hai alto 
served u the chalrmin of the Rice ^an* 
turn iDititutc. 



brated. with champagne aH around. For 
although we had to lome extent been 
scooped, we had been vindicated aa 
well Five years eartier we had had our 
own EUrekal experience. Together with 
our colleague Harold W. Kroto of the 
University of Sussex and our itudenti 
James R. Heath and Sean C O^iioi. we 
had found that Cw could be made in a 
imlquely stable form almply by lase^ 
vaporizing graphite in a pulsed jet of 
hrlturn. We had gone on to propose 
thit this extraordinary stability could 
be explained by a molecular itnicture 
ha\ing the perfect symmetry of a soc- 
cerbaH. Because the architectural prtn- 
dpla also tmderiles the geodesic dome 
Invented by the American engineer 
and philosopher R. Budaninater Puller, 
we named K budanlnstexfullerene, or 
buck>1>all for abort 

In addition to Cu, another molecule, 
Cn. appeared to t>e quite special in 
these early experimental We soon found 
that the stabfhty of could be under* 
stood if the molecule had also taken 
the form of a geodesic dome. As PuUe 
had pointed out, all such domes can be 
considered networks of pentagons and 
hesagonLTbe Ifithccntury Swlumatb* 
emaOdan teonhard Euler calculated 
that any such object must have predae- 
ly 12 pentagons in order to dose Into 
a spheroid, although the nurober ol 
hexagons can vary widdy. The locce^ 
ball structure of hai 20 hexagons, 
whereas the structure we proposed for 
Cpo has 25, producing a shape remlnla* 
cent of a rugby ball 

In fact we had found that all the 
even-numbered carbon dusters greater 
than about 32 atoms in size were re* 
markably stable (although less so than 
60 or 70), and the evidence aoon led tu 
to postulate that all these molecules had 
taken the structure of geodesic domes. 
Agaia in honor of Fuller, it seemed 
fitting to term this entirely new dau of . 
molecules the 'fullerenea.' 

We later learned that such molcculci 
had already been imagined. David E. 
H. Jones, writing under the pieudonyra 



Daedahia' in the N€wScSintist]n 1966. 
had conceived of a "hollow malecult" 
made of curled-up grmphldc ahetta. Oth- 
er! bad predicted the atabthty of 
from calculations and tried---uiiiuc- 
ccufully-to synthenze tt. We, howev^ 

er. %«re apparently the first to discover 
that the material could form sponta- 
neously in a condensing carbon vapor* 
Although our cvldcnct wai aound 
and our conduslons were lupported 
by Gctenaivt further experiments and 
theoretical olculatlona, we could not 
collecr more than a few tens of thoth 
aanda of thue apedal new molecules 
This amount wu plenty to detect ax^ 
prc^ with the sophisticated technique* 
available ta our laboratory, bat there 
was not enough to see. touch or m^. 
Our evidence was Indlrea, much aa it 
U for phyaldsts who snidy antimatter. 
For now, the fliBercDej existed only aa 
fleeting Hgnali deteaed tn our exotk: 
machinu. But it chemUta, we knew 
that the new material ought to be per- 
fectly itBble. Unlike antimatter, the geo- 
detic forms of carbon should be quite 
aafe to hold in one'a bare >«Hr All wt 
had to do was make more of them— 
hflUftf^j and bflHona 



Tbua, for five yean, we had been 
searching for a metfapd ol pr^ 
dudng vlalble amounta of the 
ituff. We called our efforti "the search 
for the yellow vial' becatiae quan- 
tum cakulatlons for such a soccerball- 
ahaped carbon molecule suggested tt 
would absorb Ught strongly only in the 
far violet part of the apectrum. We 
were sot alone. Our Initial 'aoccerball' 



HYPERFIJUEREKE mUXTURE caDed 
a RuMlaa egg la expected to fbrm aloog 
with ordinary fUUcrenes ia a laaer^v*- 
porittd c&rboo ptnme. Shown here la 
the moat symmetric f osm: a at the 
oora ta encapsulated by fUUerenea ha^ 
ing 340, 540 and 960 atoms. Thia pro- 
ceu coukl cootlnue tnrtfflrritely to pr» 
duce a macToecopAc particle wboee pen- 
tagons are to icoaabedral allgnmenL 
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proposal, pubbshed in Notun in 1985, 
Md Quule the quest one of the honejt 
In chemistry. 

In our Uboracory w« coUeaed the 
loory carbon produced by the vapor- 
ization User Willie u&ing various cheml* 
caJ techniquu to dctea the prcsenct 
of w« fthiTTltd the wot tn bcizoie, 
for example, and looked for a ytUow 
color. Eut the solution lo our test tubet 
auyed clear, with boring black »ool fit- 
ting on the bottOHL The community of 
duster chcmiati ran many more to- 
phUtlcaied.expolmentt but achieved 
no better remit 

Many gave up hope of ever leelng 
the yellow viaL They reasoned that al* 
t h ot i g h the fulierenes may be stable. It 
Vifta too hard to separate them from the 
other sooty material being produced 
In the vaporizarlon expcrtmenta. Per- 
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haps, the workers said some dedicated 
chemist might one day extract a few 
tnJcrograms wtih some special solvent, 
but no one seriously expected C«o to be 
available In bulk anytime aooa 

In the end, the breakthrough was 
made not by chemlsta but by physi- 
cists working in a totally different 
area. Huffman. Kritschmer and their 
students had been engaged for decades 
in a study of Interstellar dust, which 
they assumed to consist mainly of pa^ 
tides of carbon (the most common par- 
nde-forming ekmenO. They therefore 
modeled the phenomenon In the labo- 
ratory by vaporizing carbon and con- 
densing It In as many wayi is powlbk. 
Optical rests figured in most of the 
atudlcj. (Vlrmally all that Is known of 
the Interstellar duat items from obser- 



vaflons of how it absorbs and scaiterfi 
BtarllghL) 

In 1983 the phyaicUu tried cvapo- 
ratmg a graphite rod by resistive heat- 
wg in an atmosphere of h^H ti m , They 
noticed that when the helium prta- 
sure was Juji right (about a sevtnth 
of an acmosphereX the dust strong- 
ly absorbed wavelengths In the far t3- 
traviolet region, creating a peculiar, 
double-humped spectrum [su bottom 
lustration on pag4 58\. Most observe 
ers would have misaed the two blips 
on the screen, bur not Huffman and 
Kratschmer: they had smdled spectra 
of carbon dust for years without en- 
countering such an effect. They dubbed 
It their "camel' sample and wondered 
what It meant. 

Nearly three years later, in the late 
fall of 1985. Hufflnan read in Miturv of 
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our discovery of and began to won- 
der 1 hollow socccrball molecule 
mlAht be the cause of the double huinp. 
Yet thU explanation seemed too ffood 
10 be Due. for It required that ac- 
count for • »igniac*m portion of the 
sample. Why would so much of the car- 
bon end up In such perfectly symmet- 
nc ciie»7 What did the helium do to 
nakc it possible? The seeming unJlkcU- 
ness of this hypoihesli. together uith 
some difficulty in reproducing the ex- 
periment, led the researchers 10 put the 
project on the back burner. 
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By 1989. however, Huf^un and 
Kratschmer had become convinced that 
^ C„ hypothesis ought to be reex- 
amined. They renewed their interest in 
the camel sample, readily reproducing 
the results of the 1983 experlmenii. 
This time their attention turned to 
.measuring the sample's absorption of 
infrared light— the wavelengths that In- 
teraa with the vibrational motion of 
molecules— in order to test the result* 
against theoretical predictions that had 
by now been made for socctrball C^^ 
These predictions held that of the 174 



vCbratlonal modes of this putative mol- 
ecult, only 46 would be distinct, and 
only four would appear in the infrared 
range. To their surprtse, they found the 
camel sample did display four shaip 
infrared absorption lines, and they vcr* 
ified that the lines were present only 
In carbon dust produced in the special 
camel way. Thii Anding provided strik- 
ing evidence that might be present 
in abundance. 

Influenced by their background in 
physics, the workers initially chose to 
test their hypothesis b>' a rather In- 



\ 



voK-cd route. Thcv prepared a sample 
from pure ' 'C, a hta\y Isotope of car- 
bon, and verified that the extra mans 
shifted the four infrared bands In the 
way expected for so large a molecule 
composed exclusively of carbon. Ulti- 
mately, hoH-ever, they reaUzed that the 
simplefii assay followed a basic dictum 
of organic chemistry; like dissolves like. 
Should their sample dissolve In an aro- 
matic solvent. 8uch as benzene, this 
would support the predicted aromatici- 
ty of Cctr Because benzene molecules 
take the shape of a ring of carbon at- 



<jms. Ci, would thus be seen as a kind 
of spherical benzene. 

When the Kratschmur-HuFTman uroup 
finally added benzene to iheir camel 
sample and saw the color rod develop 
they rcaJlzed they were looking at the 
first cunccniratcd solution of fUUercrxiH 
cx-cr seen. They evaporated the loUtnt 
and found that tiny crystals remained, 
A^hich readily rodissoh-ed These cr^s» 
tals couJd be sublimed under a \-acu« 
urn near 400 degrees Celsius and con- 
densed on I cold microscope slide to 
form ftnxwih filnru of jiolid nnaiertals, 



which Krflt.schmer and Huffnmn chris* 
icncd •fullorlie." 

In thin la^'ers these films were yel- 
low (a fact that those of us at Rice Uni- 
N-crsit)- who searched for a •yellow viaJ" 
find highly Rraiir>1ng). AJthouj^ it took 
a while to obtain precise numbers, It 
ix now knov^-n that carbon dust pre- 
pared in the camel n-ay produces an 
cxtractable fullcrene mixture made up 
of roughly 75 percent C« (the soccer- 
ball), 22 percent C„, (the rugby ball) 
and a grab baa of larser fUIlerenet. 

Here **as a new form of pure, solid 



ScuinnMC Awi:kican* Octoher J99i 57 



CCT 82 '91 17:49^ R K SnALL£Y 713-285532Q 




P. 2/8 



GRAPHITE ROO 




WATER-COOLED 
COf>P£fl CHIMNEY 

ROO CONTACT WAJWTAiNEO 
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01U3AL WHEa 
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THREADED ROD 
FEED UECHANISU 
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FEED 



WATER-COOLED 
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f ^^'^^ macTOJcopJc wmpxlu la > cirbon arc Th« arc-a r«- 
flnern^l of an app«»uu developed by Wol/gaag Krltschraer and DonaJd Huff, 
man-freu carbon atorai Out coaletce into thceu, Inen bclluna holdi ths iheeta 
near Uw arc long enough for them lo close In on thenuelvea, formlna fullemie*. 
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CUJSTER GET^TOR deilgned by one of the author* (SmaUcy) pttxJuced the firtt 
evidence that (uflerenci can form from carbon vapor. A pulaed iaaer vaporuea cai- 
toon; a ffuat of helium then aweeps the vapor into a »tipei*onic beam whoae exoaa- 
alon ooob the aioma, condensing them. 




ATOW*C WEIGHT 



WAVELENGTH 



£?^?^^£^"^ ^ **** cluiier-beam generator abowed many fven-num- 
"^^^ ••^^>'5»o' «"«"ting that tha tt apecUa ar« particularly 

aiablc. The bumped ultraviolet absorption ipectrura led ICritachmer and Huffman 
to dub rt the •camel- aampic: in 1990 ii whs abown to contain nuirman 
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Qui^Tu It li the onJy pure, finite form. 
The other two, diamond and graphite, 
arc actuAlly Infinite network eoUdi. In 
the real world, one usually <^^git with 
bunJcs of rilamnnd cut out of larger bulk 
crystals. Under normal condinoni, the 
turfacej of such a piece are Instantly 
covered with hydrogen, which ties up 
the dangling surface bonds. Graphite U 
much the same. No piece of diamond, 
therefore, can ever be truly pure under 
normal conditions. The fuUerenea, on 
the other hand, need no other atoms to . 
Milsfy ihelr chemical bonding require- ■ 
ments on the surface. In this sense, the 
fuUcrenes art the first and only stable^ 
forms of pure, finite carboa 

Once the Krltschmer-Huffman re-' 
suits wtrc announced it a conference 
in Konstanz. Germany, in early Septem- 
ber 1 9S0. the nee was ori The study of 
and the fuUercnes had bees the 
province of the few selea groups that' 
had something like our elaborate and 
expensive laser-vaporization chister- 
beam apparatus. Now Kritschraer and 
Huffman had opened the field to any- 
one who could procure a thtn rod of 
carboa a cheap power supply, a bell- 
Jar vacuum chazr^ and a few valves 
and gauges. Everybody could play. 

Within a few months, many 
groups were making their own 
fullcrenes. Physidsts, .chen> 
Ists and materials sdentuts thus began 
an interdisdpUnary feecing fi-enzy that 
continues to Intensify as this article is 
being written l«e tot on page 621 The 
key results have been quickly repro- 
duced in over a dozen laboratories, 
some of which have applied alterna- 
tive procedures of vcrlftcatlon u u-elL 
Because fuUerenes are readily soluble 
and vaportzablc molecules that remain 
stable \xx air, ihey arc perfectly suited 
to a wide range of techniques. 

One of the most powerful tech- 
niques—nuclear ma^etlc resonance 
(NMR)— has confirmed the single moat 
critical aspect of the soccerball struc- 
ture: that all 60 carbon atoms have ex- 
actly the same relation to the whole. 
Only the truncated Icosahedral struc- 
ture we proposed for arranges the 
atoms so symmetrically as to distribute 
the strain of closure equally, Such even 
distribution makes for great strength 
and stability, indeed, that la why we pro- 
posed the structure In the first place: it 
explain! the extraordinary stability of 
the 60-atom species. 

Because is the most symmetric 
molecule possible in three- dimension- 
al Euclidean space, it is literally the 
roundcit of round molecules, Edgeless, 
chargelesa and unbound, the molecule 
spins ft^ly, as NMR exp^rlmenis show, 



\ 
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ICS a second. 

The NMR experiments diso dramatical- 
ly verify that C,^ has the shape of a 
Uny njfiby ball: at room temperature. It 
spins rapidly about Its long axis, stop- 
ping its frantic motion only bctoiA' the 
temperature of liquid air 

Hiijh-rcsoluilon electron microscopy 
revealed these little carbon balls one at 
a ttmo— as predicted* they spanned a bit 
more than one nanometer (a billion ih of 
a meter). Scanning tunneling microsco- 
py shovvcd that when C^, nwlecules are 
deposited on a crystalline surface, they 
pack as regularly as billiard balls. X-ray 
diffraction studies demonstrated ihat- 
as one would expect -C^ cry:staUl2es In 
a race-centered cubic lattice. Mth the 
balls a little more than 10 angstroms 
apart {see Wlustration on page 62]. The 
crystals are as soft as graphite. KTien 
squeezed to less than 70 percent of 
their Initial volume. caloJatiorj predict 
that they will become even harder than 
dla^-nond. When the pressure is relieved, 
they are observed to spring back to their 
normal volume. Throw-n agamst steel 
surfaces at speeds somewhat greater 
than 1 7.000 miles per hour (about the 
orbital speed of the US. space shut- 
tle), they are Incredibly resilient: they 
Just bounce back. 

We found that the most convenient 
^y to generate fullerenes consists of 
aciilng up an arc between two graph- 
ite decmodes. We maintained a con- 
stant gap by screwing the electrodes 
toward each other as fast as their tips 
evaporated. The process worked best 
when the helium pressure was optl- 
nuzed and other gases, such as hydro- 
gen and water vapor, were rigorously 
eliminated. Such measures produced 
yields of dissolvable fullerenes that 
typically ranged between 10 and 20 
percent of the vaporized carbon. Yields 
as high as 45 percent ha\-e recently 
been reported. 

The only Irreducible cost appears to 
be that of the electricity needed to run 
the arc. But even the small bench-top 
generators we are now using in our lab- 
nratoo' provide electricity at a cost that 
amounts to only about five cents per 
frram of Cc^. Recently It has been found 
that a sooting flame (such as that 
of a candle) can be used to produce 
substantial yields of C^;. In the long 
run, this may prove the cheapest way 
to make the materlaL When the first 
larRe-scale applications of fullerenes arc 
found— perhaps in superconductors, 
batteries or microelectronics {see box 
on page the manufacturing cost . 
of C,^ will probably fall close to that ' 
of aluminum: a few dollars a pound. 
VvTut had recently been described as 
IN; "most controversial molecule In the 
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Cosmoa" \$ h-cII on Us v\-ay to becoming 
a bulk commodity. 
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Growth of a Buckyball 



A host of questions artics out of 
this Htmder. What exacdy li the 
- helium doing? Kow an such 
a perfectly symmetric molecule be 
formed wfth such high efficiency out 
of the chaos of a carbon arc? And, on 
a n>ore personal level, where did we go 
wrong? Why did we. and all other cbem- 
isia for that matter, fail in the search for 
the yellow vial? Our technlcrje Involved 
helium as welL What did the Krfltsch- 
nw- Huffman team do that made such 
a big difference? 

We now believe the answers to these 
questioru lie In the way carbon vapor 
condenses at high temperatures. Linear 
carbon chains appear to link together 
to fonn graphitic sheets, and the sheets 
anneal u they grow in the hot vapor. 
KInally, stable, cagelikc strucmrea are 
favored by a key concept, which we call 
the pentagon rule. 

Scientists had long known that when 
carbon Is vaporized, most of Its atoms 
Initially coalesce into dusters ranging 
from two to IS atoms or to. The very 
smallest carbon molecules arc known 
to prefer essentially one-dimenslonai 
geometries. But clusters containing at 
least 10 atoms most commonly form a 
monocyclic ring-a kind of molecular 
Hula-Hoop that U especially favored at 
low tempcramret At very Wgb temper- 
atures, the rings break open to form 
units that comprise as many as 25 car- 
bon atoms, taking the form of linear 
chains. Such chains might be imagined 
to look something llice writhing snakes 
as they vibrate In the hot vapor. 

It was these linear carbon chains that 
initially got us Involved in carbon clus- 
ter studies and led to the discovery of 
Cfto. Our British colleague, Hany Kroto, 
had theorized that the great abundance 
of such linear carbon chains in Inter- 
stellar space may arise from chemical 
reactions In the outer atmospheres of 
carbon-rich red giant stars. In the early 
19806 one of us (Smalley) had dcvel- 
oped a supersonic cluster-beam device 
for the general study of small clusters 
composed of essentially any element In 
the periodic table [see "Mlcroclusiers,' 
by Michael A. Duncan and Dennis H, 
Rouvray: Saixnnc American, Decexa- 
bcr 19891. 

We produced clusters by focusing an 
intense pulsed laser on a solid dlsic of 
the element to be studied. The local 
temperamre could readily be brought 
above 10.000 degrees C-hotier than 
the surface of most stars and certainly 
hot enough to vaporize any known ma- 
terial. The resulting vapor was entrained 
in a powerful gust of helium, a cbeml- 
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caDy inert canter gai,^fei cooiCd the 
vApor so thic It could condense into 
small dusters. As ihc carrier gas ex* 
pandcd through a nozzle Into a vacu- 
um. It generated a supersonic beam of 
dujters wtou sizes could ba mea- 
sured by a mass spectrometer. 

In 1984 a group at Boton using a copy 
of the cluste^bcam apparatus dcvtl- 
oped at Rice had been the first to study 
carbon dusters In ihts fashion. Their re- 
sults strongly suggested that the linear 
carbon chains Kjoto wanted to study 
wee In fact being produced In abun- 
dance. In addition, they reported a bi- 
zarre pattern among the larger dusiert; 
the distribution was strUcingly lacidng 
in the spedes having an odd number 
of atoms. 

The Exxon researchers recorded but 
old not nodcc that two particular even- 
numbered members, and C,o, were 
somewhat more abundant than their 
neighbors [see boaom iVustrarlon on 
pog$ 58], The mysterious even-num- 
bered distribution of dusters was sepa- 
rated from the small llncar-chaln distri- 
bution by what appeared to be some- 
thing of a forbidden zone— a region of 
clusters between roughly 25 and 3S at- 
oms In size in which few 1/ any dusters 
could be deteaed. 

- rribe even-numbered distribution 
I vs'as soon discovered to result 

JL from the fuUercnea. In one of our 
many studies of Kroto's linear carbon 
chains, we reproduced tiae Exxon re- 
sulu but found something quite strik- 
ing about the distribution of large, 
even-numbered dusters. Heath. Kroto 
and O'Brien noticed that the 60lh clus- 
ter seemed five times more ebundani 
than any other even-numbered dus- 
ter tn the range between 50 and 70 at- 
oms. This differential was dramatically 
greater than anything that had been 
seen be/ore. 

Alter much discussion. Heath and 
O'Brien spent the next weekend play^ 
lug with the conditions in the laser-va- 
porizadon machine's supersonic noz- 
zle. By Monday morning they had man- 
aged to find conditions In which Cm 
stood out In the duster distribution 
like a flagpole. By the next morning we 
had had our Eureka! experience, and 
we were playing with every sort of too 
ccrball we could get our hands on. 

We found that we could explain the 
dominance of the even-numbered dus- 
ters by assuming they had all taken the 
structure of hollow, geodesic domes. 
They were all fullerenes. We could also 
argue that some fullerenes were nwre 
Alnmdanc than others because of tht 
smoothness of the dusters' surface and 
the natural grouping of pentagons. 



DR R E Sr^LEY 713^2855320 



Pentagons provided an Important 
due. Although hundreds of examples 
are known in chemisury of fivt-mem- 
bered rings attached to tix-mambered 
ringB in stable aromatic coopounds (for 
example, the nucleic adds adenine and 
guaxUneX only a few occur whose two 
five-membered rings share an edge 
lnterestlng}y, the smallest fullerene In 
whldi pentagons need tut share an 
edge is C„; the next ts Although 
Cn and all larger fullerenes can easily 
adopr structures la which the five* 
membered rings art well separated, 
one finds that these pentagons In the 
larger fullerenes occupy strained poii- 
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ns. This vuhierablllcy maku the car- 
bon atoms at such sites particularly 
susceptible to chemical attack. 

The big question however, wu r^t 
why fullerenes wera stabJa but rather 
how they formed so rtadUy in laser-vt- 
porlzed graphite. Near the end of 1085. 
we suggested that th« process bei^ 
with linear chains. Al the carbon vapor 
began to condense, Che Hn^ar chama 
would grow bng enough to flip back 
on themselves to form largt monocy^ 
die Hula-Hoops. As the growth contin- 
ued, ths chains would also fold into 
more efTectively connected polycydlc 
network sttuctures. Because graphite, 




COLOR OF C„ dependi on Its fonn, Hds yellow fUm was sublimed onto a glass 
window that had been bolted to a vacuum oven. The benzene soUuk» is magenta. 



FUUM^fB CRYJTAU wf produced by evaporadng • btiua&i sohitloa of 
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the most jtable toowi form of carbon. 
Dzs Its atoms bouaid In Infinite hoago- 
nil sheets, we suspected that the poly 
cycUc network dusters resembled piec- 
es of such sheet*. We expected It to 
look like a fragment of chicken wire. 
Like a cutout section of chicken wire; 



^tc graphitic sheets would have many 
dangling bonds, making >h»m chemi- 
cally reactive— much more so than the 
amaller linear chains, which have only 
two 3uch bond*, one on each end. The 
sheets, therefore, would not be oepect- 
ed to be abundant In the duster beami. 



FuDerene Electronics 



Almost as soon aa they fonn, they react 
>1th ocher email carbon molecules and 
STOW too largi to be seen, ihu, we be- 
bevt, ccpUlns why there U t forbidden 
zone between the smaQ Uneaiscfaain dis* 
tributlon and the first small fullerenet. 
Chemists in conditioned to thin\ 



Cerfipc «/k* a^V^ technologically IntersiUng prop- 
crt cf of bulk C„ ire electronic: In various com- 

tor a i^^^Ih " " * conduc. 

TV ^^'"'^^^"^^uctor and a superconduciof. 

r^Ih^ITif^o?*' c^ystaliizei when C^^ molecules pack to- 
O cula onr:iS;'?K' ' facei^entered cubic latUce. 

. '"o"^^'* *iavc prcdlaed that 

l / .m""**' ^' P^*^'«'y ^« t>^«'^ posts 

n 1 crystalline structure. But unlike the elements of oalli- 

TM. nfr^'* ^u* ^"^^t'-J'* »P'" '^ely and at random. 
This disorder gives theoi a ceruin resemblance to amor- 
phous silicons constituent of Inexpensive solar cells The 

V explored, but It is expected to produce a wholV niw 
kind of semlconduaor. ^ 

Early In ?991 researchers at AT&T Bell Laboratories dis- 
covered that they could mix. or dope. C» with poussium 
to produce a new metallic phase-a ^uckJde* salt, it 
reaches Its maximum electrical conductivity when there 
are three potassium atoms to each buckyball. If too much 
potassium Is added, however, the material becomes Insu- 
laUng Subsequent work has shown that K,C„ Is a stable 
metallic crystal consisting of a face*cemered cubic struc- 
ture of buckyballs. with potassium Ions filling the cavities 
between the balls. Potassium bucklde Is the first complete- 
}y three-dlmenstonal molecular metal. 

Thi Bell Ubf team further discovered that thl» K.C^ met- 
ai becomes a superconductor when cooled below 1 8 kcl- 
y;ns. When rubidium Is subsUtuted for the poussium. the 
critical temperature for Superconductivity was found to be 
r.V/J <^«""^'V workers at A/IIed-Slgnal. Inc.. de- 

H^if. kelvlns for rubidlum-tha Ili- 

um-doped material.) Careful work at the University of Call- 
ftDrnIa at Lx)s Angeles has shown that the superconducting 

fmif.i* w ^^"^ readily annealed-Hmperf«ctloru can b« 
smoothed away by heating and cooling.. 

The maiertal can therefore be manufactured as a three- 
DrTrir^Vrr '"P^^J^^^^^^o^. "^^^ng it * candidate for 

HMir ^^K^'^^'u^^^^'''^ ^^^y "t'mates of mag. 
netic and other characteristics Indicate that these super- 

ture s"un^^^^^^^^^ hlgh-teri^r*. 

ln:?coX? oxi^^^^^ ""'''^^ 

,u '^*5f"\^0''*' « the University of MInnesou has shown 
hat highly ordered C„ films can readily be gmwJ^n cr^" 

m k« !hS"* 'Hi ^"^'^'^^ This altrib^e 

makei the film t surtable material for microelectronic fabr*- 

c"n alio b^^^m^^^ u^"*'?'"* ? ^ luperco^llj^i 
/A. k!^ l*^* m/c/-o^rtfp>, at right], and the Inter- 

has been found to be stable. It may thus lend it"elf to the 
production of mtricately layered microelectmnic devices 

in order for the semiconducting properties of fullererte 
maienals to be thoroughly exploited, scientists need to 



1 ?Yi lelecth^Iy to make n-typt and 

'L^.l IIT u T*' ""^'^^ A'ld holes, 

respeciive V. Such doping may Involve putUng a dopant 
atorri Inside the cage, either by growing the cage around 
by Shooting atoms through the arbon walls 
by brute force. Small atoms, such as helium, have already 

"S'*^ ^*lf,'?'° "9*. and It seems like- 
ly that hydrogen and lithium are Inscruble as well. 

The versatility of bulk C^^ seems to grow week by week. 
AS we 90 to press, for example, there 1$ a report suggest- 
r>g that fullerene complexes exhibit fcrromagneUc qual- 
lUes In the absence of meta.'s, an unparellcled phenome- 
non. Also. BrtUsh workers from the undersides of Uteester, 
Southampton and Scssex have Just reported the genera- 

ir-'"?^?^^^*''^ quanUUes of fully fJuorlnated bucky- 
balls (CjoF ). The resulting "tenon balls* may be amono 
the worid^ best lubricants. We do not know what the ful- 
lerenes bur9eonIng traits will allow, but It would be sur- 
prising If the posslblltdes are not wonderful. 





SuraiCONDUCTTNC FULURDE forms when buckyballs 
are doped with pota* rium fai the rttlo of 1C,C„ {diagram), 

piXKiuc^ a cn^ial that c« b« grown on ; SihiiS^ 
hide subjtme (scanning tunmUng micrograph). 
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During experiments aimed at understanding the mechanisms by 
which long-chaio carbon molecules are formed in interstellar space 
and circumstellar shells', graphite has been vaporized by laser 
irradiation, producing a remarkably stable cluster consisting of 
60 carbon atoms. Concerning the question of what kind of 60- 
carboo atom structure might give rise to a superstable species, we 
suggest a truncated icosahedron, a polygon with 60 vertices and 
32 faces, 12 of which are pentagonal and 20 hexagonal. This object 
is commonly encountered as the football shown in Fig. 1. The C«, 
molecule which results when a carbon atom is placed at each vertex 
of this structure has all valences satisfied by two single bonds and 
one double bond, has many resonance structures, and appears to 
be aromatic. 

The technique used to produce and detect this unusual 
molecule involves the vaporization of carbon species from the 
surface of a solid disk of graphite into a high-density helium 
flow, using a focused pulsed laser. The vaporization laser was 
the second harmonic of Q-switchcd Nd:YAG producing pulse 
energies of - 30 mJ. The resulting carbon clusters were expanded 
in a supersonic molecular beam, photoionizcd using an cxcimcr 
laser, and detected by timc-of-flight mass spectrometry. The 
vaporization chamber is shown in Fig. 2. In the experiment the 
pulsed valve was opened first and then the vaporization laser 
was fired after a precisely controlled delay. Carbon species were 
vaporized into the helium stream, cooled and partially equili- 
brated in the expansion, and travelled in the resulting molecular 
beam to the ionization region. The clusters were ionized by 
direct one-photon excitation with a carefully synchronized 
excimer laser pulse. The apparatus has been fully described 
previously^*'. 

The vaporization of carbon has been studied previously in a 
very similar apparatus*. In that work clusters of up to 190 carbon 
atoms were observed and it was noted that for clusters of more 
than 40 atoms, only those containing an even number of atoms 
were observcd."!n the mass spectra displayed in ref. 6, the Cm 
peak is the largest for cluster sizes of >40 atoms, but it is not 
completely dominant. Wc have recently re-examined this system 
and found that under certain clustering conditions the C^o peak 
can be made about 40 times larger than neighbouring clusters. 

Figure 3 shows a series of cluster distributions resulting from 
variations in the vaporization conditions evolving from a cluster 
distribution similar to that observed in ref. 3, to one in which 
Cftois totally dominant. In Fig. 3c, where the firing of the vaporiz- 
ation laser was delayed until most of the He pulse had passed, 
a roughly gaussian distribution of large, even-numbered clusters 
with 38-120 atoms resulted. The P«ak was largest but not 
dominant. In Fig. 3b, the vaporization laser was fired at the time 
of maximum helium density, the C,^ peak grew into a feature 
perhaps five times stronger than its neighbours, with the excep- 
tion of C70- In Fig. 3a, the conditions were similar to those in 
Fig. 36 but in addition the integrating cup depicted in Fig. 2 
was added to increase the time between vaporization and 
expansion. The resulting cluster distribution is completely domi- 
nated by Cfto. in fact more than 50% of the total large cluster 
abundance is accounted for by C^, the Ctq peak has diminished 
in relative intensity compared with C^o, but remains rather 
prominent, accounting for -5% of the large cluster population. 

Our rationalization of these results is that in the laser vaporiz- 
ation, fragments arc torn from the surface as pieces of the planar 
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Fig. I A footbjU (in (he 
United Stales, a ioccerbjlh 
on Teids grass The C«,. 
molecule featured in this 
Icticr is suggested to h3\e 
(he truncated icosahedral 
structure formed h> 
replacing each venc» on the 
seams of such a ball b> a 
carbon atom. 




graphite fused six-mcmbered ring structure. Wc believe that the 
distribution in Fig. 3c is fairly representative of the nascent 
distribution of larger ring fragments. When these hot ring clusters 
are left in contact with high-density helium, ihe clusters equili- 
brate by two- and three-body collisions towards the most stable 
species, which appears to be a unique cluster containing 60 
atoms. 

When one thinks in terms of the many fused-ring isomers 
with unsatisfied valences at the edges that would naturally arise 
from a graphite fragmentation, this result seems impossible: 
there is not much to choose between such isomers in terms of 
stability. If one tries to shift to a tetrahcdral diamond structure, 
the entire surface of the cluster will be covered with unsatisfied 
valences. Thus a search was made for some other plausible 
structure which would satisfy all sp" valences. Only a spheroidal 
structure appears likely to satisfy this criterion, and thus Buck- 
minster Fuller's studies were consulted (see, for example, ref. 
7). An unusually beautiful (and probably unique) choice is the 
truncated icosahedron depicted in Fig. I. As mentioned above, 
all valences are satisfied with this structure, and the molecule 
appears to be aromatic. The structure has the symmetry of the 
icosahedral group. The inner and outer surfaces are covered 
with a sea of tt electrons. The diameter of this C^o molecule is 
-7 A, providing an inner cavity which appears to be capable 
of holding a variety of atoms". 

Assuming that our somewhat speculative structure is correct, 
there are a number of important ramifications arising from the 
existence of such a species. Because of its stability when formed 
under the most violent conditions, it may be widely distributed 
in the Universe. For example, it may be a major constituent of 
circumstellar shells with high carbon content. It is a feasible 
constituent of interstellar dust and a possible major site for 




Fig. 2 Schematic diagram of the pulsed supersonic nozzle used 
to generate carbon cluster beams. The integrating cup can be 
removed at the indicated line. The \aporizaiion laser beam (30- 
40 mJ at 532 nm in a 5-ns pulse) is focused through the nozzle, 
striking a graphite disk which is rotated slowly 10 produce a smooth 
vaporization surface. The pulsed nozzle passes high-density helium 
over (his vaporization zone. This helium carrier gas provides the 
ihermalizing collisions necessary 10 cool, reaa and cluster. the 
species in the vaporized graphite plasma, and the wind necessary 
to carry the cluster products through the remainder of the nozzle. 
Free expansion of this cluster-laden gas at the end of the nozzle 
forms a supersonic beam which is probed 1.3 m downstream with 
a limc-of-flighl mass spectrometer. 
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Fij. 3 Time-of-flight mass spectra of carbon clusters prepared by 
laser vaporization of graphite and cooled in a supersonic beam. 
Ionization was effected by direct one-photon excitation with an 
ArF cxcimer laser (6.4 eV, I mj cm"'). The three spectra shown 
differ in the extent of helium collisions occurring in the supersonic 
nozzle. In c, the effe«ive helium density over the graphite urget 
was less than 10 torr — the observed cluster distribution here is 
believed to be due simply to pieces of the graphite sheet ejected 
in the primary vaponzation process. The spectrum in 6 was 
obtained when roughly 760 torr helium was present over the 
graphite target at the time of laser vaponzation. The enhancement 
of Ceo Cto is believed to be due to gas-phase reaaions at these 
higher clustering conditions. The spectrum in a was obtained by 
maximizing these cluster thcrmalization and cluster-cluster reac- 
tions in the 'integration cup' shown in Fig. 2. The concentration 
of cluster species in the especially stable Coo fonn is the prime 
experimental observation of this study. 



surface -catalysed chemical processes which lead to the forma- 
tion of interstellar molecules. Even more speculatively, 
or a derivative might be the carrier of the dif!use interstellar 
Imes . 

If a large-scale synthetic route to this C^q species can be found, 
the chemical and praaical value of the substance may prove 
extremely high. One can readily conceive of €«, derivatives of 
many kinds — such as transition metal compounds^ for 
example, C^oFc or halogenated species like CftoF^ which might 
be a super-lubricant. We also have evidence that an atom (such 
as lanthanum* and oxygen') can be placed in the interior, 
producing molecules which may exhibit unusual properties. For 
example, the chemical shift in the NMR of the central atom 
should be remarkable because of the ring currents. If stable in 
macroscopic, condensed phases, this C« species would provide 
a topologicalty novel aromatic nucleus for new branches of 
organic and inorganic chemistry. Finally, this especially stable 
and symmetrical carbon strurture provides a possible catalyst 
and/or intermediate to be considered in modelling prebiotic 
chemistry. 

We are disturbed at the number of letters and syllables in the 
rather fanciful but highly appropriate name we have chosen in 
the title to refer to this C^o species. For such a unique and 
centrally important molecular structure, a more concise name 
would be useful. A number of alternatives come to mind (for 
example, ballcne, spherene. soccercne, carbosoccer). but we 
prefer to let this issue of nomenclature be settled by consensus. 
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Oiagram of a typical aircraft fuel system. 



is usu£dly such that dll the fuel supply will pass to the engines by 
w«y of the main tank w^iich is refifled as np-ri^isssry from the aux- 
ffiaiy tanks. In case of emergency, the system selector value may 
connect the auxiKary tanks to the engines dirocdy. IT.C.m./j.a.b.I 

Fugacity a function Introduced by G. N. Lewis to facilitate 
the applicjition of thermodynamics to real systems. Thus, 
when fugacitiiss are substituted for partial pressures in the mass 
action equilibrium constant expres^on, which applies strictly 
only to the ideal case, a true equilibrium constant results for 
real systems as welt. 

The fugadty of a constituent i of a thermodynamic system 
is defined by the foDowfrtg equation (where fi. is the chemical 

potentol and jt'is a function of temperature only), in combina- 
tion with the requirement that the f uytidty approach the partial 
F^essure as the total pressure of the gas phase approaches zera. 
At a given temperature» this is possihSc only for a particular value 
for ji.*, which may be shown to correspond to the chemical ■ 
potential the conslMucnt wouU haue a<t the pure gas in the ideal 
gas state at 1 atm pressune. This definition makes the fugadty 
identical to the partial pressure in the ideal gas case. For real 
Sases, the ratio of fugacity to pjartial pressure, caHod the fugadty 
coefficient, wiD be dose to unity for moderate ternpcratures and 
prosaires. At low temperatures and appropriate pressures^ it may 
DC as small as 0.2 or less, whereas at high pressures at any tem- 
P«alure it can become very laiye. Sec Actmty fmERMoovNAMics); 

WtNOCAL CQULMUM; CtowflCAL THERWOOVNAMlCSi GaS. (PJ.B-l 

Futlerene A mofectde containing an even number of carbon 
^oms anranged in a dosed hollow cage. The fullcrenes were 
<uscoyorcd as a consequence of astrophysically motivated 
chwiical physics experiments that were interpreted by using 
S«odesic architectural concepts. Fullerene chemistry, a new 
that appears to 1 loU much promise for materials develop- 
«][»cnit and other applied areas, was bom from pure fundamen- 
tal edenoe. Sec Carbon. 

. m 1985, fifteen years after it was conceived theoretically, 
ojc molecule buckminsterfullerene (C^o or fullerene-60) was 
<^covered serendipitously. Fullerene^a (see iDufitration) is the 
wKsiypal member of the fullerenes, a set of holbw, dosed- 
^fle mdecules consisting purely of carbon. The fullerenes can 
oonsfdered, after graphite and diamond, to be the third well- 
flefined allotrope of carbon. 
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In the fullerene molecule an even number of carbon atotns 
are arrayed over the surface* of a closed hollow cage. Each 
atom is trigonally linked to its three near neiahbors by \xx\6& 
that delineate a polyhedral network, consisting of 12 pen- 
tagons and n hexagons. All 60 atoms in fulleren^O are equiv- 
alent and lie on the surface of a sphere distributed with the 
BymnnetTy of a truncated icosahcdron. The 12 pentagoils are 
isolated and interspersed symmetrically among 20 linked hexa- 
gons; that is, the symmetiv is that of a modem soccerball. The 
molecule was named after R. Buckminster Fuller, the inventor 
of geodesic domes* which conform to the same underlying 
structural formula. Three of the four valence electrons of each 
carbon atom arc involved in the sp^ sigma-bonding skeleton, 
and the fourtli p electron is one of 60 involved in a pklelocal- 
ized nwlccular^rbital electron sea that covers the out^e (exo) 
and inside (endo) surface of the molecule. The resulting cloud 
of pi electron density is similar to that which covers the surface 
of graphite; indeed, tlie molecule can be considered a rciind 
form of graphite. See Electron conrguration; GKAPHrrc. 

Fullerene-60 behaves as a soft cloctrophile, a molecule that 
readily accepts eledror^s during a primary reactk>n step. It can 
accept three electrons readily and perhaps even more. The mol- 
ecule can he. multiply hydrogenatcd, methylated, ammonated: 
and fluorinated. It forms cxohedral complexes in which an atom 
{or group) is attached to the outside of the cage, as well as endo- 
hedral complexes in which an atom (for example, lanthanum 
(La), potassium (K), or calcium (Ca)] is trapped in»de the cage. 




Structure of C«o (buckmlnsterf uDerene). 



Fullerene materials have been available for such a short time 
that applications are yet to be established. However, the prop- 
erties already discovered suggest that there is likely to be a 
wide range of areas in which the fullerenes or their derivatives 
will have uses. 

•-RiIlefene-60 was discovered as a direct result of physico- 
chemical investigations that sinujlated processes occurring In 
stars ar)d in space. Consequently the likelihood that fullenenes, 
in particular fullerene-60, and analogs are present in space is a 
fascinating conjecture. HWJCl 

Fullei'fi earth Any natural <3arthy material (such as day 
rxiaterials) which decolorizes mineral or vegetable oils to a suffi- 
cient extent to be of economic importar^e. It has rK> mirvcr- 
alogic significance. The clay minerals present in fuller's earth 
may include montmorillonitc, attapulgilc, and kaollnlte. 
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714 machinelike ® maddening 

ina<hiiie4ike \m3-'shcn-4ik\ adj (1698) : resembling a machine csp. in 
regularity of action or stereotyped uniformity of product 

mShine-readable ody (1961) : directly usable by a computer <- text) 

SSS^jr^;^'sh^-(;>-)re\ n, pi ^r-les (16<7) 1 machine m 
general or as a functioning unit b : the working parts of a machine 2 
•the means or system bv which somethmg is kept m action or a de- 
sired result is obtained <t6e - of government) (genetic - of cdls) 

maSinrshoj*^ (1827) : a workshop in which work is machined to sire 

i^Setool rt (1860 : a machine designed for shaping ^o^jd worK ^.^ 
ma<hui.ist \m3-»shc.n3st\ n (ca. 1706) 1 a : a worker who fabnc^«. 
assembles, or repairs machinery b : a craftsman skilled n the i^of 
machine tools c : one who operates a machine 2 archaic . a person 
in charge of the mechanical aspects of a theatrical production 3 : a 
warrant ofTicer who supervises machinery and enpe oMralw^^ 

iiia<his.mo \ma-'chcz-(5ni6, m^. -Ttez-. -Tciz-, " cn>?-\;i'^"SP' j^;^^^ 
macho male. fr. L masculus - more at masculineJ (1^^ 1 : a strong 
sense of masculine pride : an exaggerated masculinity 2 : an exagger- 
ated or exhilarating sense of power or strength ( t q-ki\ 

Mach nmnber Vmi-\ n [Ernst A^«S^^ * ^il^;;?l"^^^o h^^^^ 
: a number representing the ratio of the speed of a *>ofy '° 
sound in the surroundina atmosphere <a Mach number of 2 indicates a 
speal that is twice that of sound) . «r uA<:rnii infI 

im^o Vma-^h6\ adj [Sp. male. fr. L masculus — more at mascuunej 
(1928): characterized by machismo: aSg^^sively vinle 

2inachon(1951) 1: one who exhibits machismo 2: machismo 

SJk^il^\W:-(>)n,l\ n. p/^mackercl f^f.^ri^'tha^^ 
MFl (I4c) 1 : a fish (Scomber scombrus) of the No. Atlantic that is 
green above with dark blue bars and silvery below, reaches a length of 
about 18 inches, and is one of the most important food fish« 2 . a 
fish of the suborder (Scombroidca) to which the common mackerel 
belongs; esp : a comparatively small member of this group as disttn- 

tSjbSSlte*?'"^?) :^Sy of a family (Lamnidae) of large fierce 

^^^XVnUT'Tsiy coycrc^ with rows of altocumulus or 
cirrocumulus clouds resembling the patterns on a mackerel s back 

iSSS^w \*mak-3-,n6\ n [l^ackinaw City. Michigan, fo-rneriy an 
Indian trading post^ (1812) 1 : a flat-bottomed boat with pointed 
prorand sqilrTTteln formerly much used on the upper Great Lakes 
2 7 a heavy* woolen blanket formerly distributed by t^e U S. govern- 
ment to the Indians 3 a heavy cloth of wool orwoo^^^ 
fibers often with a plaid design and usu. hea>aly napped and fdted D 
: a short coat of mackinaw or similar heavy fabric /c.^;^/;«„^ 

Mackinaw trout n (1840) : a No. Amencan lake trout iSalvelinus 

i^kS^tMh also macin-tosh XVnak-an-.tashX n [Charles Macintosh 

I a lightweight waterproof fabric ong. of rubberized cotton 
Mac.ll!Kriii»rseries \m3-Jtl6r-3n(2)-\ n [Colin Maclaunn tl746 Scot, 
mathematician] (ca. 1909): a Taylor^s senes of the form 



X " + . 



in which the expansion is about the reference point zero — called also 

i^Se \Wk-^" n [F. wide-meshed net. lozenge voided, made. fr. OF. 
m«h l^ge voided, of Gmc origin; akin to OHG masca inesh - 
more at £Sh] (1801) 1 a : a twin crystal b : a flat often tnaiiKular 
S^ond that^is usu. a twin crystal 2 : a dark or discolored spot Cas in 
a mineral) — nuwrled Vmak-aldX adj pr«„«.l ( 1 863) • a 

fiia<oii \ma-*ko»\ n. often cap [F macon, fr. * * 

dry red or white wine produced in the area around Mj^on* France 

macr- or macro- comb form [F & L. fr. Ok makr-, makro- long, fr. mak- 
rSf-morcaT MEAGER] 1 : long <macnxliagonal) 2 : large <mflc«>. 

iSSSLi also mac^e Vmak-r>/na\ n [F or It; F J^^^X^Snbroi' 
macrame fr. Turk makrama napkm. towel, fr. Ar migramah embroi- 
d^rS^Jrii] ( 869) : a coarse lace or fringe made by knotting thrwds or 
coS in a g«>metrical pattern; also : the art of tying knots in patterns 

iSSSIro Vmak-C)ro\ adjimacr-] ( 1 923) 1 : being large, thick, or exap- 
U^aUy prominent 2 a : of, involving, or intended for use with rela- 
iivSy Lge or on a targe scJe b : of or relatmg to macro- 

^^Tpl LS^Tshort for macrvinstruction] (1959) : a single com- 
outer instruction that stands for a sequence of operations 

iSiS>IS|S^te \^ak-r6-»ag-ri-got\ n (1926) : a rclativdy la«e par- 
ticle SsHsoiTor a protein) — macro-aMrMt^ Vt8at-3d\ 

i^c^iSt^ Vbi-lt-ik. -be-\ adj (1965) : oj relating to. or being an 
tttromly restricted diet (as one containing chiefly whole arains) that is 
hddbTits Sv^tes to promote health and well-1)eing altTiough it may 
actually be deficient in essential nutrients (as fats) 

mL*n>iosm Vmak-r»-.kaz.3m\ n [ME. fr OF '"«^^«>«»57f^.'^V Th^ 
^mcosmos. fr L macr- + Gk kosmos order, universe] (1600) 1 : the 
^t w^rld :\;j;;ERSE^ 2 : a complex that is a large-^c reprodu^^^ 
tion of one of its constituents — oiacro«>SHiiic >umak-r3- Wmik\ ad; 

.^^t^r6>l^:it'^-i^ix (1936) : containing or 

wSxl (ill Occurring chiefly in anemias — mac-nxyt-ic Vnak-ra-sit- 

Mc^y.t<Mis Vnak-r^si-'to-s^s. -r3-s»-\ n, p/ -ttMJes \-^\ [NL] 
(1 893) : the occurrence of macrocytes in the blood . 

mic.r4!^no^^^ Wnak-ro^A-^-W^iks, -*^^^} ZiLt'^lJS^^V^ 
constr (1948) : a study of economics m terms of whole systems esp. 
5ri?h rrfe^ce to general levels of output and ^^^^^f^^'^^^ 
lations among sectors of the economy — compare microeconomics 

mac»ro*c<Miom-ic Vik\ ad; =„.^v - n qio^ • «'volu- 

iiiacro^TO.Iu.tioii X'mak-ro-^v-^lu-shan also -.C" ^^-V " ^ 1 ^39) . cvolu^ 
tion that cumulates in relatively large and complex changes (as in spe- 
cies formation) — macH^TO.lu.tion-ary \-sh>^er-e\ adj 



mac.ro.foMil Vmak-r6-Xas-3l\ n (1937) : a fossil large enouft, 
observed by direct inspection « ncvl ri899^ . il 1 

iiiac.ro.gaHncte Vnak-ro-ga-'met. -'gam-,et\ n [ISVJ u»w> . thtL^ 
and usu female gamete of a heterogamous organism ^\ 

,^^:^oSSAinV^ih.y^\^n\ n plSV] (1951) : a highly pdy^, 
globulin of hiRh molecular weight - . „ rMii n<wqi . 

iMC<o^obMi.nii-eiiiifl V^ab-ysK >-'ne-me-3\ n [NLJ ( 1 949) : , ^ 
der chTracterized by increased blood scrumjnsco^^^^ the 
of macroglobulins in the serum - '^^f^f^^^^^^'^^ 

mac-ro-iiMtruc-tion \.mak.ro-m-'str3k-sh3n\ n ( 95^; . macro 

macro lens n fmocr-. fr. the fact that the foc^ length 'Sweater 

Trmal] (196^) : a camera lens designed to f^us at very shon*? 
tances with up to life-size magnification of t^^^^ 

initc*ro-lep-i<dop<tera Vmak-ro-»lep-»-'dai>tp-r3\ n P.' I'^^J .^»o«2J : \aA 
d^^^raTas bmterflik skippers, saturniids. "Of^JS^miSSfe^cSH^ 
that include most of the large forms and "one of the inmute on^ 

macro^ere \Wk-r3-»mi(3)r\ n (1877) : a large blastomere - se^ 

nS^^liS?Se Vnak-ro-'mal-i-.kyii(.)l\ n [ISV] (ca. 1929)^^ 
"^^SlST^tTof a protein or rubber) ^lalt uo rom smdler che^ 
structures — maoro-mo-lccHi'lar Vm»-nek-y»-l3r\ aaj 

ma<roS^ak-,ran, W-. -r^n\ n [Gk ^"4™:; "J^.V the ^i?; ^ 
n «51) • a mark " placed over a vowel to indicate that the vowd lii^J 
or plioed S^^^^^^ syffie or used.alone to indicate a stressed or ^ 
syllable in a metrical foot , fiaqi) • a ni^fi^ 

iiiac*ro-nu<cie4is \jnak-r6-'n(y)u-kle-M\ n [NLJ * * 
^Rcdoil^st^ng nucleis that is believed to exert a coDtrotfc, 
Xcn« ^er the trophic activities of most aliatc protozoans -.^^S 

rolni^clw\jnak-ro-W)u-»t»^3«'' ^ • 
^S^^v^^t Vniy^-tri'Ml\ n (1942) : a chemical daneai » 

^i^daUvdy lirge q\iantities are essential to the growth and wdh, 

mi^lJ«!!dhLse Vmak-ra-iaj, -/azh\ n [F, fr. macr- + -p/wgc] (1890):, 
XSSS!^ti\sw cdl o/ the reticuloendothelial system tfiat nuy^ 

O^rTr^y rnotile. is derived from a monocyte, and functions m ti» 

p?otec°tioi;^}^ Ihe bcily against inf^tion and no«o^^^^^^ . 

Called also histiocyte - macHro^jhafric \.'7a*^-^^.]SJ8i^\ „^ , 
mAC*ro-Dho-tosm»hy \jnak-ro-f3-'tag-r3-fc\ n dSo^'.' ^"^ i^amg'' 
^o^raplSl™^^ object isSher unmagnified or shghtly ouj. 

nifiMri tin tn a limit often of about 10 diameters 

ZMO^cale \'mak-r6-.skal\ n (1931) : a large often macroscopic scale 
SJJSil^i^ak-rl^'skap-ikX adj [ISV P^^^r-J-'^i^^ ^ 

: considered in terms of large units or elements — inac<(«cop*esHj 
i^![i^c2^re Vmak-ro.^tr3k-ch3r\ n (ca 1899) : the structure (j 

h^ng'th?fo^li^f a spot differentiated from surrounding tissues- 

m"SSS*f!LteL^^TS-e^ n, pi maculae lu-te^ \-c-.e. ;e-.i\ [NL. liL 
™n( 1 848)Tasma^ yellowish area lyine slighUy lateral lo the 
Ser of?hi reSS ihat constitutes the region of maximum visual ac^ 

X?f b • the arrangement of spots and markinRs on an animal or plant 
n^iile \WkS?SfSl\n [F. f^L macula\ (1863) : a patch of skin Uut 
Ta^er^ in coTo^bit not elevated aid that is a charactenstic le.- 
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.^°\!,;S3wfSJM^^ffi[MEmedd. modd fr^E genja 

^oV^siS) «m»i.n to ""^^Y^- 8™ffh!t"V2S^i 
hHr, (rimeit foolish. crazy, Skt methati he hurts] (Dct. 12c; i . aisa 
J S^nH . inSIne 1 a • completely unrestrained by reason and 

ment : hilarious 7 : intensely excited : "^NTi^^^^. v 
h^taise and often chaotic activity : wild <a - scramble) - 
\>aSsh\ adj — Uke mad : to a great degree : at a high rate <sdlin| 

lik£ mcuT) 

2|iiad v6 mad-ded; mad^ling (14c) : madden 
(14c) \ dI mesKlamcs \ma-'dam, -dam\ : lady V . uk. 

ma dame\ (14c) 1 pi mes^M ^'"^ ^^T^r'^nidTsh-ISakinVna^^ 
equivalent to Mrs. lor a mamed woman not of English-spcaiting na 

tionatitv 2 ol madam es : madam 3 

: to make intensely angry : enrage 
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□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 
v/ 

£a^REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



